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Résumé 
 

Le cycle du carbone dans le bassin anthropisé de la Seine : 

de la modélisation du dioxyde de carbone à l’évaluation des émissions des gaz à effet de serre. 

Des études récentes ont souligné l’importance des émissions de dioxyde de carbone (CO2) par les eaux 

continentales, replaçant ainsi l’hydro-système comme compartiment actif du bilan carbone. Un 

premier objectif de cette thèse a été de comprendre et quantifier la dynamique du C aquatique le long 

du continuum aquatique de la Seine, empreint d’une très forte activité anthropique. Pour cela, un 

module de carbone inorganique (CI) a été développé au sein du modèle de fonctionnement 

biogéochimique des écosystèmes aquatiques, Riverstrahler, permettant de simuler les variations 

spatio-temporelles du C. Le second objectif était de quantifier les émissions aquatiques et terrestres 

afin de proposer une évaluation conjointe des trois principaux gaz à effet de serre (GES: CO2, méthane 

– CH4, protoxyde d’azote- N2O) à l’échelle du bassin. 

Les mesures de la pression partielle de CO2 (pCO2) dans des rivières drainant différentes occupations 

du sol, à différentes saisons, attestent que l’hydro-système Seine est sursaturé et une source d’émission 

de CO2 vers l’atmosphère. Le principal facteur de contrôle de pCO2 est la concentration en carbone 

organique dissout (COD) (R
2
 = 0,56, p < 0,05), modulée par les conditions hydro-climatiques et les 

contributions d'eaux souterraines. Dans les rivières amont, les concentrations en COD semblent reliées 

au stock de CO des sols, alors que sur l’axe principal de la Seine, elles dépendent des effluents de 

stations d’épuration. Sur le long terme (1970-2015) la pCO2 a clairement évolué conjointement à 

l’amélioration du traitement des eaux usées. 

Les bilans par modélisation (moyenne 2010-2013) montrent l’importance du CI apporté à l’hydro-

système Seine (1138 ktC an
-1

) et une faible contribution des processus biogéochimiques (27 ktC an
-1

). 

Si une grande part du CI est exportée vers l’estuaire (69%), les émissions de CO2 dépassent 360 ktC 

an
-1 

(soit 30%). Les apports de carbone organique ne représentent que 104 ktC an
-1

. La production 

nette de l’écosystème (NEP) apparait négative, et indique le caractère hétérotrophe de la Seine. Cette 

nouvelle version du modèle Riverstrahler a été couplée au modèle estuarien C-GEM afin de proposer 

une description complète de la cascade du carbone dans le continuum rivière-estuaire. L’estuaire 

représente 34 % de la surface miroir de la Seine et contribue à hauteur de 23% des émissions 

aquatiques de CO2 du bassin, estimée à 445 kt C (année 2010). 

Les émissions de CO2 complétées par celles de N2O et CH4 montrent que les émissions aquatiques de 

GES représentent 3.7% des émissions totales du bassin de la Seine (2,276 kt CO2 équivalent an
-1

 dont 

95,3% de CO2). Les émissions agricoles (14,295 ktCO2 équivalent an
-1

) et urbaines (44,713 ktCO2 

équivalent an
-1

) contribuent respectivement pour 23.3 et 73.0%. Une reconstruction historique des 

émissions agricoles en France montre une augmentation par 4 de 1850 à 2014, soit 114,000 kt CO2 

équivalent an
-1 

actuellement (CO2:22%, CH4:49%, N2O: 29%). Un scénario prolongeant la tendance 

actuelle à la spécialisation et l’intensification à l’horizon 2040, prédit une augmentation par 1.5 des 

émissions agricoles, alors qu’un second scenario, proposant un changement profond de l’agriculture 

française, réduirait les émissions actuelles de 50%.  

Mots clés: Cycle du carbone, CO2, CH4, N2O, émissions de GES, Modélisation des écosystèmes 

aquatiques, Bassin de la Seine, Impacts humains, continuum aquatique 
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Abstract 
 

Carbon cycling across the human-impacted Seine River basin: 
from the modeling of carbon dioxide outgassing to the assessment of greenhouse gas emissions 

Several recent studies have highlighted significant fluxes of carbon dioxide (CO2) from inland waters 

in the global carbon cycling. The first main objective of this thesis was to quantify and understand 

carbon dynamics in the Seine River basin, which is deeply impacted by human activities. For this 

purpose a new inorganic carbon (IC) module was implemented in the biogeochemical Riverstrahler 

model, to simulate spatial and temporal variations in carbon forms in the drainage work. A second 

major objective was to size both aquatic and terrestrial emissions as a part of a joint assessment of 

three main GHGs (CO2, methane –CH4, and nitrous oxide –N2O). 

Field campaigns in rivers draining various land uses in different hydrological seasons, showed a 

supersaturation in CO2 of the Seine hydrosystem leading to CO2.emissions to the atmosphere. The 

main factor controlling the CO2 partial pressure (pCO2) was the concentration of dissolved organic 

carbon (DOC) (R
2
=0.56, n=119, p<0.05), modulated by hydro-climatic conditions and groundwater 

contribution. In small streams, DOC concentrations were dependent on the soil organic carbon stock. 

For the main stem, a long-term analysis (1970-2015) showed that pCO2 tracked urban pollution, 

decreasing from the 2000s after improvement of wastewater treatment. 

The validation of the IC module newly implemented in Riverstrahler showed that IC inputs to the 

Seine River dominated the overall carbon budget (1138 ktC yr
-1

 on average for the period 2010-2013) 

of which less than 2% was produced from biogeochemical processes (27 ktC yr
-1

). In addition, CO2 

outgassing represented 30% of IC outputs while exports to the estuary represented 69% of IC outputs. 

OC inputs were comparatively lower, accounting only for 104 ktC yr
-1

. Analysis of the 

biogeochemical processes of the Seine River showed a negative net ecosystem production (NEP), the 

river being mostly heterotrophic.  

In order to complete the modeling of the fate of carbon in the Seine River, the Riverstrahler model was 

combined with the estuarine C-GEM model, towards an integrated approach to the Land-to-Ocean 

Aquatic continuum. Representing 34% of the river mirror area, the estuary thus contributes ~23% of 

the CO2 emitted from the whole estuary-river aquatic continuum (estimated at 445 kt C for the year 

2010). 

In addition, analyses of available institutional databases and measurements of other GHGs (CH4 and 

N2O) enabled estimation of aquatic emissions at 3.7% of the Seine basin total emissions (2,276 ktCO2 

equivalent yr
-1

), dominated by CO2 (95.3%), while agricultural (14,295 ktCO2 equivalent yr
-1

) and 

urban emissions (44,713 ktCO2 equivalent yr
-1

) accounted for 23.3% and 73.0%, respectively. A 

historical reconstruction of agricultural emissions for the whole of France (1850-2014) estimated that, 

among the 114,000 ktCO2 equivalent yr
-1 

emitted by the agricultural sector, 22% were represented by 

CO2, 49% by CH4 and 29% by N2O. Finally, two contrasting scenarios were explored (horizon 2040). 

The first, characterized by the current trend towards specialization and intensification, predicted an 

almost 1.5-fold increase in agricultural emissions. While the second, characterized by a transition to 

organic agriculture and dietary change, would reduce current emissions by about 50%.  

Keywords: Carbon cycling, CO2, GHG emissions, aquatic ecosystem modeling, Seine River basin. 
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Foreword 
 

This PhD thesis manuscript is composed of two parts and study axes. The first part: “Carbon 

dioxide in the Seine aquatic continuum: Observations and modeling” focuses on the 

hydrosystem and reports on the understanding of CO2 dynamics and the quantification of the 

outgassing. This part includes one published scientific article in Scientific Reports, and two 

papers in preparation for submission, one to Water Research and one to Frontiers forming 

respectively Chapters 1, 2 and 3. 

The second part of the manuscript: “Greenhouse gas (CO2, CH4, N2O) emissions from the 

Seine basin” compares CO2 with CH4 and N2O concentrations and emissions in the 

hydrosystem but also from agricultural and nonagricultural areas. The first article in this part 

was published in Science of the Total Environment, and focused on the comparison of the 

different sources in the Seine basin. The second article has also been accepted to Science of 

the Total Environment. These two papers form the Chapters 4 and 5. A general conclusion 

and future perspectives are proposed.  

 

The C-CASCADES project (https://c-cascades.ulb.ac.be/) of which this thesis is part, received 

funding from the European Union’s Horizon 2020 research and innovation program under the 

Marie Sklodowska-Curie grant agreement No. 643052. 
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Due to the carbon dioxide (CO2) impact on the Earth’s energy budget, understanding the 

global carbon cycle is indispensable to be able to propose alternative carbon management 

policies for a sustainable future (Raymond et al., 2013). The increase in atmospheric CO2 

concentration has been monitored through continuous measurements since 1958 and 

reconstructions of atmospheric CO2 concentrations using ice cores (Fig. 0-1), showing that 

current values are also the highest in the past 1,000 years (Etheridge et al., 1996; MacFarling 

Meure et al., 2006).  

 

Fig. 0-1: CO2 concentrations in the atmosphere from measurements in ice cores before 1958 (Etheridge et al., 

1996; MacFarling Meure et al., 2006) and from the Mauna Loa observatory since 1958 (Scripps CO2, Division 

Physical Sciences and NOAA Earth System Research Laboratory). 
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Further, the intergovernmental panel on climate change (IPCC) estimated that atmospheric 

CO2 concentrations were the highest for the last 800,000 years (2018: 405.51 ppm, last 

updated 05 October 2018, Division Physical Sciences and NOAA Earth System Research 

Laboratory, last accessed in October 2018) leading to a stock of 829 ± 10 Pg C in the 

atmosphere (see Fig. 0-2, Prather et al., 2012; Joos et al., 2013). Since the pre-industrial era, a 

40% increase in atmospheric CO2 concentrations has been observed due to the use of fossil 

fuels and cement production (associated emission of 7.8 [7.2 to 8.4] GtC yr
-1

 averaged over 

2002-2009) and changes in land use (associated emission of 1.1 [0.3 to 1.9] GtC yr
-1

 averaged 

over 2002-2011). This is despite an increase in terrestrial and oceanic carbon sinks of about 

30% each over the period 1750-2009 to reach stocks of 4700 (3732-5720) Pg C, and 40,600± 

38 Pg C, respectively (IPCC, 2013 - Ciais et al., 2013). 

0.1. Overview of the global carbon cycle  

The global carbon cycle can be represented as reservoirs of carbon that interact through 

exchange fluxes of carbon. Two main different time scales can be distinguished. The first has 

relatively fast reservoir turnovers (from a few years to millennia of carbon): atmosphere, 

ocean, surface ocean sediments, land vegetation cover, soils and freshwaters (Ciais et al., 

2013). The second one is characterized by slower turnovers (10,000 years or longer) with 

carbon stored in rocks and sediments. These slower reservoirs can interact with fast ones 

through volcanic emissions of CO2 or chemical weathering, erosion and sediment formation 

on the sea floor (Ciais et al., 2013). Before the industrial era, the fast turnover domain was 

close to steady state with small variations in atmospheric CO2. The major human impact on 

the global carbon cycle was the extraction of fossil fuel from geological reservoirs and its 

combustion, i.e. from slow turnovers reservoir to fast ones (Ciais et al., 2013). 

As represented on Fig. 0-2, terrestrial biosphere reservoir comprises organic carbon in 

vegetation (450-650 PgC, Fig. 0-2, Prentice et al., 2001) or in dead organic matter in litter and 

soils (1500 to 2400 PgC, Fig. 0-2, Batjes, 2014). Old soil carbon can also be stored in 

wetlands or permafrost. CO2 is removed by plant photosynthesis (123 PgC yr
-1

,Fig. 0-2) and 

fixed in plant tissues, and then released in litter or soils, and can be sent back to the 

atmosphere mainly through respiration. These seasonal uptakes of carbon lead to seasonal 

variations in atmospheric CO2 concentrations.  
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Fig. 0-2 Simplified schematic of the global carbon cycle retrieved from Ciais et al. (2013). Numbers represent 

carbon stocks in PgC (1 PgC = 10
15

 gC) and annual carbon exchange fluxes (in PgC yr
–1

). Black numbers and 

arrows indicate reservoir mass and exchange fluxes estimated for the time prior to the Industrial Era, about 1750. 

Red arrows and numbers indicate annual ‘anthropogenic’ fluxes averaged over the 2000–2009 time period. 

These fluxes are a perturbation of the carbon cycle in the industrial era post 1750.  

Terrestrial carbon is then transported to rivers where it can be either outgassed, buried in 

organic sediment or exported to coastal oceans as dissolved inorganic carbon (DIC), dissolved 

organic carbon (DOC) or particulate organic and inorganic carbon (POC, PIC). In general the 

term “dissolved” is used for compounds that pass through calcinated glass giber filters of 0.45 

micrometers (µm) GFF/F filter (UNESCO, 1994), and “particulate” is used for the fraction of 

the sample retained on the filters. DIC is defined as the sum of bicarbonates (HCO3
-
), 

carbonates (CO3
2-

) and dissolved CO2 (CO2 or carbonic acid: H2CO3) concentrations. DOC 

and POC are organic carbon molecules derived from living organisms. PIC is precipitated or 

eroded carbonates.  

Atmospheric CO2 is exchanged with the surface ocean that contains mainly carbon in the DIC 

form (38,000 PgC, Fig. 0-2). These exchanges are completed through three mechanisms: the 

solubility, the biological (photosynthesis) pump or the marine carbonate pump (formation of 
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calcareous shells of some microorganisms that sink and can be re-mineralized or buried in 

sediments). 

CO2 equilibria in water 

The three constituents of DIC (HCO3
-
, CO3

2-
, CO2,) depend on ionic strength, temperature and 

pH (Mackereth et al., 1978) (Pedersen et al., 2013).  

CO2 reaction with water results in the following equilibrium: 

𝐶𝑂2(𝑎𝑞) +  𝐻2𝑂 ↔ (H2𝐶𝑂3)  ↔  𝐻𝐶𝑂3
− + 𝐻+  ↔ 𝐶𝑂3

2− +  2𝐻+ Eq. 1 

The pH determines the proportion between the three main carbon inorganic species (H2𝐶𝑂3, 

the carbonic acid which dissociates immediately) (Fig. 0-3). A pH higher than 8 will result in 

a low CO2 concentration and higher CO3
2-

 concentration while below 8, the opposite behavior 

is observed. 

 

Fig. 0-3 Relative speciation (%) of carbon dioxide (CO2), bicarbonate (HCO3
-
), and carbonate (CO3

2-
) in water 

according to pH retrieved from Pedersen et al. (2013). Speciation was computed with CurtTiPot (Gutz, 2012) 

using pK1=6.532 and pK2=10.329 at 20°C with electrical conductivity of 250µS cm
-1

 (Schwarzenbach and 

Meier, 1958). 

Bicarbonate and carbonate are also involved in total alkalinity (TA). Alkalinity is the water’s 

ability to neutralize strong acid and can be defined as (Michard, 2008): 

𝑇𝐴 = 𝐻𝐶𝑂3
−  +  2 𝐶𝑂3

2− +  𝑏 Eq. 2 

where b are minor species among which [H3O
+
], [OH

-
] or borates. Borate concentrations are 

neglected in freshwater but are not negligible in sea water. 
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0.2. New paradigm of inland water as an active component of 

the carbon cycle 

Despite the primary role of the carbon cycle in the Earth’s climate system, lateral carbon 

fluxes from landscapes to surface water and associated emissions have long been 

underestimated. Indeed, until recently, global carbon budgets/models have (see Fig. 0-2 of 

IPCC 2013) represented inland waters as a passive transport pipe between land and oceans 

(e.g., IPCC 2007 - Denman et al., 2007). In particular, rivers were represented as having no 

exchanges with the atmosphere, sediments, lakes and wetlands.  

However, from upland headwaters to downstream river systems, many processes (physical, 

chemical and biological) govern the transport and transformation of carbon along the aquatic 

continuum (Minshall et al., 1983). Studies focusing on ecosystems and/or processes have 

highlighted the importance of inland waters in the global carbon cycle. Specifically, Cole et 

al. (2007) illustrated this new concept by proposing a new global carbon budget that 

incorporates these inland waters as an active component (Fig.0-4).  

 

Fig.0-4 : Change in the perception of the role of inland water according to Cole et al. 2007, from (a) a passive 

pipe representation, to (b) a component transporting  and transforming organic and inorganic carbon from land to 

sea 

While the amount of carbon exported to the oceans can be easily estimated using 

measurements and/or modeling results, exports from land to aquatic systems are more 

difficult to quantify, and most global estimations quantify these fluxes by difference. As a 

result, the previous assumption that carbon is transported passively led to significant 
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underestimation of the amounts of carbon leaving terrestrial parts of watersheds. According to 

this new approach, inland waters store a significant fraction of terrestrial carbon in sediments 

but most terrestrial carbon is emitted to the atmosphere as CO2 (Fig.0-4). 

Recently, additional research refined global CO2 emissions from rivers and streams, which is 

now estimated at between 0.23 (0.15–0.30) PgC yr
−1

 and 1.8 ± 0.25 PgC yr
−1 

(Cole et al., 

2007; Battin et al., 2009b; Aufdenkampe et al., 2011; Lauerwald et al., 2015; Regnier et al., 

2013; Raymond et al., 2013; Sawakuchi et al., 2017; Drake et al., 2017). Although the 

quantification of carbon emissions from rivers and streams (also known as carbon evasion) is 

still characterized by large uncertainties, the flux remains significant compared to oceanic and 

terrestrial carbon sinks, respectively, 2.9 ± 0.5 and 1.5 ± 0.9 PgC yr
-1

 (Le Quéré et al., 2015).  

If it is now accepted that inland waters are an active component of the carbon cycle, the 

resulting CO2 emissions are enhanced by (i) the amounts of inorganic and organic carbon 

from terrestrial landscapes (Prairie and Cole, 2009), (ii) instream biogeochemical processes 

that occur in the water column and in the benthic sediments and that determine instream CO2 

concentrations, and (iii) physical (hydro-climatic and morphological) characteristic of the 

drainage network that determine the amount of gas exchange at the air-water interface 

(evasion or sink). 

0.3. Carbon dioxide evasion as a result of cascades of 

biogeochemical and physical processes 

0.3.1. Carbon from terrestrial landscapes 

Terrestrial delivery of carbon to inland waters was recently estimated at 5.1 Pg C yr
-1

 with an 

increase of around 0.3 Pg C yr
-1

 over the last decade (Drake et al., 2017). Soils are the largest 

pool of OC terrestrial carbon (Minshall et al., 1983) and the local canopy, which assimilates 

atmospheric CO2 by photosynthesis, is the main source (Schlesinger, 1984). Litter fall, 

through fall, roots, microbial biomass and fungi are also main inputs (Qualls et al., 2002).  

Lateral sources of organic carbon (OC) 

Lateral fluxes of OC originate from plant or litter detritus, soil leaching, bank or soil erosion 

transported by groundwater, subsurface flows or runoff (Richey et al., 2002; Prairie and Cole, 

2009; Battin et al., 2009a ; Stanley et al., 2012; Hotchkiss et al., 2015; Drake et al., 2017). 
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Flood events increase organic carbon delivery into rivers (Raymond and Saiers, 2010; Bianchi 

et al., 2013). The release of sewage (Garnier et al., 2013a) and petroleum-based household 

products by wastewater treatment plants (WWTPs) also supplies OC to rivers (Griffith et al., 

2009). In addition, large quantities of OC can be supplied to rivers by wetlands (Mulholland 

and Kuenzler, 1979; Richey et al., 2002; Abril et al., 2014) or synthesized in the river itself 

through photosynthesis (Duarte and Prairie, 2005). 

Lateral sources of inorganic carbon (IC) 

Lateral fluxes of IC originate from (i) the decomposition of organic matter or root respiration 

in soil or (ii) the chemical weathering of silicate and carbonate minerals by carbonic acid also 

transported by groundwater discharge, soil leaching or erosion of carbonate rocks (Cole et al., 

2007; Venkiteswaran et al. 2014;  Drake et al., 2017; Marx et al., 2018). Carbonate basins are 

also known to deliver more CO2 than mixed or silicate basins (Telmer and Veizer, 1999; de 

Montety et al., 2011 Polsenaere et al., 2013; Martin et al., 2013 ; Lauerwald et al., 2013 ; 

Khadka et al., 2014 ; Abril et al., 2015). In addition to being a major source of OC, WWTPs 

are also a source of IC for river waters (Alshboul et al., 2016). In addition to these direct IC 

inputs and those of the degradation of OC resulting in CO2 production in rivers (Servais et al., 

1987), other instream or benthic metabolisms can produce or consume dissolved inorganic 

carbon (DIC) and in turn, impact CO2. 

Instream metabolism affecting inorganic carbon (IC) 

Aerobic degradation – Instream, respiration of microorganisms and photo-oxidation of OC 

lead to CO2 production and in turn, increase IC (Duarte and Prairie, 2005; Drake et al., 2017). 

C106H263O11N16P +  106𝑂2

→ 92𝐶𝑂2  +  14𝐻𝐶𝑂3
−  + 16𝑁𝐻4

+  + 𝐻𝑃𝑂4
2−  +  92𝐻2𝑂 

Eq. 3 

Nitrification – In aerobic condition, nitrification by ammonia-oxidizing bacteria (AOB) and 

nitrite-oxidizing bacteria (NOB) produces nitrate (Garnier et al., 2007), which, in anaerobic 

conditions, is denitrified into N2 using organic matter (Laverman et al., 2010; Regnier et al., 

2013a). Nitrification affects the carbonate equilibrium by producing protons, acidifying the 

water and transforming bicarbonate into CO2 (Han et al., 2017). 

𝑁𝐻4
+ + 2𝑂2 →  2𝐻+  +  𝐻2𝑂 +  𝑁𝑂3

− Eq. 4 
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Denitrification – Nitrates can originate from nitrification of WWTP sewage releases, but is 

mostly the result of agricultural activities, leached from soil and/or transported to 

groundwater. Associated denitrification processes by denitrifiers instream, in riparian zones or 

in aquifers, generally with low concentrations in oxygen, produce CO2 and affect DIC. 

5𝐶𝐻2𝑂 + 4𝑁𝑂3
− +  4𝐻+ →  5𝐶𝑂2  +  2𝑁2 + 7𝐻2𝑂 Eq. 5 

Photosynthesis – Photosynthesis depends on light to fix dissolved inorganic carbon, and on 

nutrient availability (NH4
+
 or NO3

-
) for phytoplankton growth and biomass development 

(Lancelot et al., 1991; Lower, 1999). Uptakes of NH4
+
 or NO3

-
 have been shown to be 

significantly related to their concentrations in the water (Boyer et al., 1994). In rivers, water 

dilution rate and the residence time of the associated water masses strongly control 

phytoplankton development and lead to large quantities of biomass in larger rivers (Garnier et 

al., 1995). In upstream rivers, macrophytes and/or periphytons are the major primary 

producers. 

106𝐶𝑂2 +  16𝑁𝑂3
−  +  𝐻2𝑃𝑂4

−  +  122𝐻2𝑂 +  17𝐻+

→  𝐶106𝐻263𝑂11𝑁16𝑃 +  138𝑂2 
Eq. 6 

106𝐶𝑂2 +  16𝑁𝐻4
+  +  𝐻2𝑃𝑂4

−  +  106𝐻2𝑂

→  𝐶106𝐻263𝑂11𝑁16𝑃 +  106𝑂2 + 15𝐻+ 
Eq. 7 

Weathering of carbonates/silicates: the reactions of rocks to weathering results in uptake of 1 

mole of CO2 to produce 2 moles of bicarbonates (Eq. 8 and 9). Inversely, precipitation of 

carbonates consumes bicarbonate and produces CO2 (Eq. 8 from right to left). 

𝐶𝑎𝐶𝑂3  +  𝐶𝑂2  +  𝐻2𝑂 ↔ 2 𝐻𝐶𝑂3
−  +  𝐶𝑎2+ Eq. 8 

𝐶𝑎𝑆𝑖𝑂3  +  𝐶𝑂2  + 𝐻2𝑂 → 2 𝐻𝐶𝑂3−  +  𝐶𝑎2+ +  𝑆𝑖𝑂2 Eq. 9 

Additional carbon exchanges, like carbon incorporation in biomineralized structures, and 

sedimentation or resuspension, are generated at the water-sediment interface (Manickam et 

al., 1985; Butman and Raymond, 2011a, Vilmin et al., 2016).  

All these mechanisms can change the concentration of DIC in the water column and, in turn, 

affect the pCO2 gradient at the air-water interface. At that point, exchange by diffusion occurs 
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depending on the partial pressure of CO2 (pCO2) at the water surface with respect to 

atmospheric pCO2 (Cole et al., 2007). 

0.3.2. Understanding CO2 evasion processes 

Three common parameters, the gradient of CO2 concentrations between the water and the 

atmosphere [(𝐶𝑂2𝑤 –  𝐶𝑂2𝑎𝑡𝑚), 𝑚𝑜𝑙 ℎ−1], mirror area of inland waters (𝛺, 𝑚2), and gas 

transfer velocity (𝑘, 𝑚 𝑑−1) are the keys to understanding carbon evasion (𝐹𝐶𝑂2
, 𝑚𝑜𝑙 ℎ−1) 

and need to be estimated precisely.  

𝐹𝐶𝑂2
 =  𝑘𝑐𝑜2

 (𝐶𝑂2𝑤 –  𝐶𝑂2𝑎𝑡𝑚)Ω Eq. 10 

Temperature-normalized gas transfer velocity (𝑘600) is the gas transfer velocity at a water 

temperature of 20 °C. Parametrization related to the gas exchange used 𝑘600 to compare 

systems excluding the physical effect of temperature. 

According to Wilke and Chang (1955); Wanninkhof (1992), the gas transfer velocity 

𝑘𝐶𝑂2 
(m d−1) can be calculated as: 

𝑘𝐶𝑂2
= 𝑘600 . √

600

𝑆𝑐𝐶𝑂2
(𝑇)

 Eq. 11 

where 𝑘600 is the gas transfer velocity at 20°C for a Schmidt number of 600 (m d
-1

) 

and 𝑆𝑐𝐶𝑂2
(𝑇) is the Schmidt number (dimensionless) calculated at water temperature 𝑇 in 

Celsius (°𝐶) calculated as: 

𝑆𝑐𝐶𝑂2
(𝑇) =  1911.1 − 118.11𝑇 + 3.4527𝑇2 − 0.04132𝑇3 Eq. 12 

CO2 concentrations in rivers 

CO2 concentrations in water can be measured directly or estimated indirectly through indirect 

measurements.  

Direct measurements - are based on discrete samples with headspace technique (e.g., Weiss, 

1981; Teodoru et al., 2009; Borges et al., 2018). For example, measurements of CO2 can be 

completed with a headspace technique using four syringes with three-way valves combined 

with non-dispersive infrared gas analysis (IRGA) (Fig. 0-5a). This technique requires direct 
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filling with 30 mL of stream or river, and then 30 mL of atmospheric air. The first injection 

serves as a purge and the other three are used to measure pCO2. A syringe full of air can 

measure pCO2 in the air. After which, initial pCO2 in water is computed based on the pCO2 

measured in the equilibrated air of the syringe and in the atmospheric air, and Henry’s law 

accounting for the water temperature in the syringe and in situ (see Fig. 0-5 a). 

CO2 can also be measured continuously with an equilibrator (Frankignoulle et al., 2001; 

Frankignoulle and Borges, 2002; Abril et al., 2006). An example of equilibrator is shown in 

Fig. 0-5b. In this equilibrator, designed by Frankignoulle et al. (2001), the water enters the top 

of the equilibrator and flows through a vertical Plexiglas tube filled with marbles that 

increases the exchange at the water-air interface and reduces the air volume required. A 

membrane air pump and regulator on the top circulate equilibrated air through the IRGA 

(Licor ® 6262). This continuous method makes it possible to measure pCO2 in highly turbid 

and dynamic environments. Note that in both techniques, gas chromatography (GC) can also 

be used to detect CO2 rather than IRGA (Abril et al., 2015).  

 

Fig. 0-5 Examples of direct techniques used to measure pCO2 a) discrete technique using syringe headspace, b) 

continuous technique with the equilibrator, (source: Frankignoulle et al., 2001). 
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Indirect measurements - pCO2 can be indirectly computed from the pairs of variables pH/TA, 

pH/DIC, DIC/TA (Park, 1969; Abril et al., 2015), and the dissociation constants of carbonic 

acid depending on the water temperature (Harned and Scholes, 1941; Harned et al., 1943; 

Millero et al., 2006). CO2sys software has been designed to estimate pCO2 with these pairs of 

variables (e.g., Pierrot et al., 2006). While DIC values are scarce in national databases, pH, 

TA and water temperature are more common and are often used to estimate pCO2. 

Abril et al. (2015) compared these three indirect and direct methods, and reported that 

calculated pCO2 was overestimated in comparison to measured pCO2, and that no global 

empirical relationship can be derived to calculate pCO2. Overestimation was related to two 

cumulative factors. In waters with low carbonate alkalinity and high DOC concentrations, 

organic acid anions can increase TA. Secondly, at low pH, in acidic and organic rich waters, 

the buffering capacities of the carbonate system are lower, and increase the sensitivity of 

calculated pCO2 to TA. However, in freshwaters with neutral to basic pH and with TA 

exceeding 1,000 µmol L
-1

, calculated pCO2 is more robust.  

Water surface exchange: mirror area 

Raymond et al. (2013) highlighted the importance of surface area in estimating CO2 emissions 

from inland waters. Spatial (using biomes) and temporal (clustering seasons) variations of 

aquatic mirror areas can be partly observed by satellite imagery at regional scale. The 

uncertainties concerning the extent of surface water are mainly due to their seasonal variation: 

partially hidden or temporarily flooded areas for example (Raymond et al., 2013). Another 

example is intermittent rivers and ephemeral streams (Datry et al., 2014) whose number and 

significance are increasing due to climate change, land use change, and water abstraction 

(Datry et al., 2014) and have already been recognized as playing a significant role in carbon 

and nutrient budgets (Looman et al., 2017; Datry et al., 2018). River dams and large 

reservoirs can also locally affect the estimation of mirror areas.  

Gas transfer velocity 

Gas transfer velocity (k) is estimated using many methods including floating chambers (e.g., 

Duchemin et al., 1995; Beaulieu et al., 2012 ), empirical equations (based on slope, depth, 

stream and wind velocity, etc., e.g. Raymond et al., 2012a), analyzing the metabolism of 

streams and rivers (e.g., Hall, 2016), tracer techniques (helium/sulphur hexafluoride ratio, 
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propane, argon, etc.: e.g., Nightingale et al. (2000)), or using the eddy covariance technique 

(e.g., Huotari et al., 2013). 

Floating chambers have been criticized because of their inherent effects that modify water 

surface turbulence and natural conditions such as wind (Wallin et al., 2011; Campeau et al., 

2014;  Crawford et al., 2016). The eddy covariance technique cannot be used on small streams 

because a large open water fetch area is required (Wallin et al., 2011). Extracting k from 

metabolism of streams and rivers requires large temporal data series on oxygen (Hall, 2016). 

Chemical gas tracers cannot be used in large navigable rivers (Nightingale et al., 2000). 

Empirical model equations thus appear to be a more appropriate solution to estimate CO2 

evasion at a watershed scale of different Strahler stream orders. 

In streams and in small rivers, the source of turbulence at the surface is related to bottom 

stress (e.g., roughness) and k to the stream depth, water velocity, water discharge or slope 

(e.g., O’Connor and Dobbins, 1958; Tsivoglou and Neal, 1976; Raymond and Cole, 2001; 

Wallin et al., 2011; Raymond et al., 2012a). In large rivers and estuaries, wind speed appears 

to be the main driver of k (Liss and Merlivat, 1986; Wanninkhof 1985, 1992; Crusius and 

Wanninkhof 2003; Borges et al., 2004;  Abril et al. 2009; Alin et al., 2011; Ho et al., 2014; 

Roobaert et al., 2018).  

Through a literature review, Alin et al. (2011) observe higher k with more variability in small 

rivers and streams (channels < 100 m, mean k = 22.4 ± 14.3 cm h
-1

 [0.4 to 183.9 cm h
-1

]) than 

in large rivers (channels > 100 m; mean k = 12.8 ± 10.7 cm h
-1

 [1.2 to 44.5 cm h
-1

]).  

In general, the literature on the quantification of carbon sources from terrestrial landscapes 

and associated instream biogeochemical (metabolism) or physical (outgassing) processes, 

suggests that the carbon cascade is very strongly structured by an upstream-downstream 

gradient of biotic and abiotic factors along the aquatic continuum.   
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0.4. Carbon dynamics along the aquatic continuum:  

The river continuum concept predicts that a continuous gradient of physical conditions occurs 

along the land-to-ocean continuum of a river and influences both biological characteristics 

and processes (Vannote et al., 1980). For example, as stream size increases, the reduction in 

particle size of organic material from upstream dominated by terrestrial organic inputs is 

related to the enhancement of autochthonous primary production, and an increase in the 

organic matter content resulting from instream processes (Minshall et al., 1983). The changes 

that take place along the river imply that what happens upstream of the river reaches has an 

impact on the biogeochemical functioning in downstream ecosystems, including on carbon 

cycling. 

Carbon cycling in upstream sectors is expected to be closely linked to watershed 

characteristics and stream morphology, whereas downstream, instream biogeochemical 

processes (e.g., heterotrophic respiration) take over (Dinsmore and Billett, 2008). Indeed, 

small streams typically have a strong hydro-chemical connectivity with the catchment soils, 

enhanced by precipitation causing the mobilization and transport of DOC from soils to inland 

waters through runoff (Dinsmore et al., 2013). Similarly, exchanges taking place vertically via 

saturated interstices of hyporheic zones to aquifers (infiltration, exfiltration) play a very 

important role. Headwater stream flows are (in general) predominantly fed by groundwater 

which delivers most of the DIC (Dinsmore and Billett, 2008; Denfeld et al., 2013). These 

small streams often have steeper slopes and consequently, CO2 evasion has been shown to be 

higher in headwater streams where high water turbulence increases the exchange with the 

atmosphere (Raymond et al., 2012a) (Fig. 0-6). Öquist et al. (2009) estimated that up to 90% 

of the DIC delivred to streams was emitted to the atmosphere within 200 meters.  

Also, hydrologic residence times increase along the river leading in an increase in 

autochthonous production, but also an increase in photochemical degradation, flocculation 

and sedimentation (Guo and He, 2011; Denfeld et al., 2013). The production to respiration 

ratio (P/R) is expected to be higher in large river than in small streams, and decrease again in 

deep fluvial sectors or estuaries characterized by a turbidity maximum zone. WWTP effluents 

can also disturb the P/R trend in the continuum by locally decreasing the P/R ratio (Garnier et 

al., 1999; Garnier and Billen, 2007).  
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Hotchkiss et al. (2015) summarized the impact of the river continuum on the sources and 

evasion of CO2 (Fig. 0-6). CO2 evasion is higher upstream due to higher OC and CO2 from 

soils and groundwater. These inputs decrease along the continuum from upstream to 

downstream and the proportion of CO2 instream production due to the mineralization of 

terrestrial OC thus increases proportionally. Associated outgassing of CO2 from instream 

production decreases slightly along the aquatic continuum, but becomes relatively greater as 

external carbon inputs decrease more rapidly. 

 

Fig. 0-6 Sources and magnitude of net CO2 emissions along a theoretical stream-river continuum retrieved from 

Hotchkiss et al. (2015) describing how the external carbon inputs (carbon from the surrounding landscape and 

bedrock) are greater in upstream areas than downstream, which also leads to a proportionally larger CO2 evasion 

flux upstream than downstream. ER is ecosystem respiration and GPP gross primary production. 

In parallel with this theoretical circulation along the aquatic continuum, inputs and processes 

controlling the intensity of CO2 emissions are likely to differ from one region to another 

according to climatic conditions, land uses or human impacts. 
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0.5. Lesson learned from contrasted regional climates about 

CO2 evasion 

The biogeochemical processes and inputs involved in the aquatic carbon cycle also depend on 

different temporal scales ranging from an hour and less (e.g., photosynthesis), diurnal to 

seasonal (e.g. temperature) or highly variable (nutrient loads), depending on their origins 

(Regnier et al., 2013a). Aufdenkampe et al. (2011) estimated the highest CO2 outgassing takes 

place in rivers and stream in tropical regions (0.39 Pg C yr
-1

), followed by those in temperate 

regions (0.013 Pg C yr
-1

) with the lowest rates in the boreal zone and the Arctic  (0.04 Pg C 

yr
-1

). These differences highlight different processes according to climate and biomes, 

although the differences could progressively vary with climate change (Table 0-1). 

0.5.1. Sub-tropical regions: a hotspot of aquatic CO2 emission 

Most CO2 riverine emissions occur in sub-tropical or tropical regions where large rivers are 

often connected with wetlands (Richey et al., 2002; Abril et al., 2014; Borges et al. 2014, 

2015). Richey et al. (2002) observed pronounced evasion seasonality in the Amazon with 

pCO2 mirroring the hydrograph, increasing with rising water and decreasing with reduced 

water flow. Tropical soils are weathered and thus have lower alkalinity combined with a more 

dense drainage including flood plains and higher temperature than temperate rivers leading to 

higher CO2 evasion rates. Abril et al. (2014) highlighted the importance of flooded land, most 

of which are temporary wetlands. Indeed, in the central Amazon, these authors estimated that 

wetlands, one of the most productive ecosystems in terms of vegetal biomass, exported half 

their gross primary production to river waters as dissolved CO2 and organic carbon, whereas 

only a few percent came from upland non-flooded rivers. Wetland vegetation is hypothesized 

to support CO2 outgassing by release into waters of labile organic carbon from litterfall or 

root exudations or by roots and microbial respiration in wetland soils. Moreover, extreme 

flood events have been shown to enhance DOC leaching and CO2 evasion in the Amazon 

River (Almeida et al., 2017). Similarly, in African inland waters, Borges et al. (2015) 

estimated that expanding wetlands and upland riverine biomass increased CO2 and CH4 

riverine emissions. Subtropical rivers, in Texas (USA) or in southern China, showed 

concentrations between those of temperate and tropical rivers (Zeng and Masiello, 2010; Yao 

et al., 2007) 
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0.5.2. Artic regions: slowly releasing CO2 sequestered in permafrost 

In the Artic with a polar climate, permafrost accounts for 22% of the land surface (Denfeld et 

al., 2013), and stores large quantities of long-sequestered soil carbon that is released into 

streams when it thaws. The peculiarity of this artic region is that permafrost minimizes the 

percolation of carbon into deep soils, with carbon therefore entering streams via surface or 

subsurface flow rather than by groundwater flow, which is much smaller in these areas 

(Zimov and Schuur, 2006; Frey and McClelland, 2009; Denfeld et al., 2013). In the Kolyma 

River (Siberia) during summer low-flow period, headwater streams were a net source of CO2 

while larger rivers contained low CO2 and were near equilibrium with respect to atmospheric 

concentrations. This trend was related to higher carbon mobilized from permafrost or 

floodplains into small headwater streams (Denfeld et al., 2013). However, the highest pCO2 

was not linked with the highest DOC content in soils. Indeed, old DOC in permafrost soils 

with high molecular weight aromatic compounds was shown to be less biodegradable than 

young organic carbon leached by floodplains throughout the growing season from lower 

molecular weight and hydrophilic compounds (Wickland et al., 2007).  

From these two opposite climatic regions (subtropical and artic), it appears that CO2 evasion 

is mostly controlled by hydro-climatic processes and/or associated with control by land 

vegetation (wetlands). Additional controls may appear in temperate regions, especially where 

human activities greatly affect the aquatic continuum. 

  



Introduction 

17 

Table 0-1 Examples of pCO2 concentrations along different stream-river continuums in several tropical, 

temperate and artic regions. All values are direct pCO2 measurements except for *Kempe et al. 1982. 

 Region Sites pCO2 (ppmv) Authors 

T
ro

p
ic

al
 a

n
d

 s
u

b
tr

o
p
ic

al
 

River and floodplain waters of the 

central amazon basin 

4350 +- 1900 (main stem) Richey et al., 2002 

sub-Saharan Africa 300 - 16,942 (12 rivers) Borges et al., 2015b 

Amazon River 1000-10,000                                          

(River and main tributaries) 
Abril et al., 2014 

Buffalo bayo, highly urbanized 3014+-603 Zeng and Masiello, 2010 

Spring Creek, undevelopped 4214+-843 Zeng and Masiello, 2010 

B
o

re
al

 a
n

d
 a

rt
ic

 

Kolyma 3336+-2737 (streams) Denfeld et al., 2013 

 613 +- 315 (main stem) Denfeld et al., 2013 

 412+-250 (rivers) Denfeld et al., 2013 

Boreal 1858.2 (streams) Teodoru, 2009 

 845 (intermediate) Teodoru, 2009 

 610.6 (large river) Teodoru, 2009 

 

T
em

p
er

at
e 

Hudson 1125+-403 Raymond et al., 1997 

York River Estuary 1070+-867 Raymond et al., 2000 

US streams 2109 (417 streams) Jones et al., 2003 

Loir (croplands) 284 Abril et al., 2015 

Arcachon (podzolized) 1604 - 6546 Polsenaere et al., 2013 

Meuse 2292 Abril et al., 2015 

Meuse 2004+-912 Borges et al., 2018 

Loire 1240 Kempe, 1982* 

Mississippi 4752 Kempe, 1982* 

St. Lawrence 2240 Kempe, 1982* 

Seine 1982 Kempe, 1982* 

Elbe 4095 Kempe, 1982* 

Columbia 1123 Kempe, 1982* 
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0.6. Focus on carbon dioxide evasion control in temperate 

hydrosystems imprinted by human activities 

0.6.1. Hydrological influence 

Many natural factors controlling carbon evasion have been identified in temperate rivers. 

Indeed, several studies have shown that seasonal variations in pCO2 followed the hydrological 

cycle with higher pCO2 values during low water in summer (Polsenaere et al., 2013; Borges et 

al., 2018). In temperate rivers in the USA, pCO2 trends were shown to follow the patterns of 

evapotranspiration, terrestrial leaf litter production, soil organic matter decomposition, and 

CO2 evasion from soils (Jones et al., 2003). In addition, Butman and Raymond (2011b) 

showed that pCO2 in streams and rivers was regionally correlated with the level of annual 

precipitation, and with the flushing of CO2 from soils. Also, extreme climate events, e.g., 

drought that causes intermittent drying up of streams (Ylla et al., 2010, Datry et al., 2014), 

and floods (Almeida et al., 2017) that strongly impact carbon delivery to rivers, the 

hydrological regime and the hydrological connectivity (Tranvik and Jansson, 2002), finally 

lead to higher CO2 emissions (Langerwisch et al., 2016). These extreme events that are 

expected to be more frequent with climate change (Raimonet et al., 2018) require further 

research. 

0.6.2. Land use and impact of modern agricultural practices 

Most temperate rivers are characterized by strong direct human impacts (Kempe, 1984; Davis 

and Koop, 2006; Garnier et al., 2007; He et al., 2011; Passy et al., 2013b; Alshboul et al., 

2016; Lambert et al., 2017; Borges et al., 2018) that also disturb the carbon evasion (Regnier 

et al., 2013b). As shown in a recent study of the Meuse River, land uses affect pCO2. Higher 

values were associated with watersheds dominated by agriculture and lower values with 

forested watersheds (Borges et al., 2018). One major consequence of agriculture is the 

alteration of soil structure and stability, resulting in soil erosion and modification of transport 

processes from soils to rivers, thereby increasing pCO2 (Pimentel et al., 1995). Agricultural 

practices have also modified soil C content, resulting in changes in soil leaching or runoff and 

again modifying pCO2 (Six et al., 2000). Land use change also affects nutrient exports into 

rivers possibly favoring or limiting phytoplankton growth (Billen et al., 2007), and in turn, 

CO2 evasion. Liming is also known to increase CO2 evasion (Butman and Raymond, 2011). In 
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the USA, a large scale decline in terrestrial CO2 production and hence, in exports into aquatic 

ecosystem, was observed between 1973 and 1994 (78.4ppmv y
-1

), that can be attributed to a 

decrease in riparian and wetland habitats or, to alteration of hydrologic connections between 

terrestrial and aquatic ecosystems (Jones et al., 2003). 

0.6.3. Organic pollution from urban effluents 

Carbon from WWTPs increases CO2 emissions in inland waters (Kempe 1982, 1984;  

Alshboul et al. 2016). The proportion of biodegradable organic carbon in WWTP effluents is 

indeed about 50% (Servais et al., 1999), and is accompanied by allochthonous bacteria with 

high growth rates (Garnier et al., 1992a) allowing rapid mineralization in the receiving waters, 

and hence production of CO2. WWTP effluents also contribute supplies of CO2 ranging from 

4.82 ± 1.7 to 8.48 ± 1.26 mgC L
-1

 in 9 WWTPs in Germany (Alshboul et al. 2016). These 

authors observed that CO2 concentrations downstream from WWTPs were more than twice 

higher than in the upstream rivers, the latter ranging from 0.8 ± 0.2 mgC L
-1

 to 3.3 ± 0.4 mgC 

L
-1

. Nutrients supplied in WWTPs effluents favor algal growth, and affect planktonic and 

benthic communities (Billen et al., 2001, 2007; Garnier et al., 2005; 2007), which are major 

actors of the carbon cycle.  

0.6.4. River management 

Damming is also known to induce major changes in hydrological conditions of river systems 

by increasing residence time and trapping particles (Vörösmarty et al., 2003), also favoring 

the growth of phytoplankton affecting C, N, P and Si cycling (Garnier et al., 1999b). Global 

carbon mineralization in reservoirs exceeds fixation (assimilation of carbon into organic 

compounds) leading to P/R ranging from 0.20 to 0.58 at annual scale (Maavara et al., 2017). 

Damming has also been shown to be a major source of methane (CH4) due to anaerobic 

degradation of organic carbon (Abril et al., 2005). Carbon burial in reservoirs may be 

considered as an offset to carbon GHG emissions (Galy-Lacaux et al., 1997; Maeck et al., 

2013; Prairie et al., 2017). 

Taken together, these studies suggest that climate, natural land cover in river basins, river 

management (channeling, reservoir construction, etc.), intensive agriculture, population and 

associated wastewater releases impact carbon cycling and associated CO2
 

emissions. 

https://www.merriam-webster.com/dictionary/compounds
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Similarly, they also impact nitrous oxide (N2O) and CH4 two other major greenhouse gases 

(GHGs) emitted throughout the drainage network.  

0.7. Replacing CO2 evasion as a part of regional GHG 

emissions  

Following the Rio conference in 1992, and since then, several other protocols (Kyoto Protocol 

in 1997; Paris Agreement in 2015), increasing concern about GHG emissions has been taken 

into account in the fight against climate change. In the first step, fossil fuels and associated 

CO2 emissions encouraged the scientific communities of ecologists and climatologists to 

include the full carbon cycle, from organic to inorganic, in global models. The two other main 

biogeochemical GHGs, CH4 and N2O were also investigated to assess budgets, understand 

past and future trends, and establish links between these biogeochemical cycles. 

Like CO2, CH4 and N2O concentrations in the atmosphere have also increased since the 

industrial era (1750, Fig. 0-7).  

 

 

Fig. 0-7 Atmospheric CH4, and N2O concentrations before the industrial era from year 0 to the year 1750 (left) 

and after (right). Concentrations were determined from air enclosed in ice cores and firn air (color symbols) and 

from direct atmospheric measurements (blue lines, measurements from the Cape Grim observatory) (MacFarling 

Meure et al., 2006). Source (Ciais et al., 2013) 
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Indeed, the 150% increase in atmospheric CH4 (from 722 ±25 ppb to 1803.2 ± 25 pbb, for 

1750-2011), is related to the increase in anthropogenic emissions (agricultural production of 

rice, ruminants, landfills and waste, biomass burning e.g., biofuels, and fossil fuels (Dentener 

et al., 2005) reaching 331-335 [273-409] Tg(CH4 yr
-1

) for the period 2000 to 2009. Among 

natural sources, emissions from wetlands dominate, accounting for 218-347 [179 – 484] 

Tg(CH4 yr
-1

) (Ciais et al., 2013). Atmospheric N2O also increased by 20% (from 270 ± 7 ppb 

to 324.2 ± 0.1ppb), mainly as a result of agricultural intensification (synthetic fertilizers and 

application of manure) that increased nitrification and denitrication resulting in N2O 

production in soils and sediments and in aquatic systems (by leaching and runoff), and 

consequently, increased N2O emissions. Also, atmospheric deposition of nitrogen on soils or 

on surface water due to fossil fuel combustion and industrial activities increased N2O 

emissions. In the period 2006-2011, N2O global anthropogenic sources amounted to 6.9 [2.7 – 

11.1] Tg(N2O yr
-1

) while natural sources were estimated at 11.0 [5.4 – 19.6] Tg(N2O yr
-1

) 

(Seitzinger et al., 2000;  Khalil et al., 2002; Ciais et al., 2013). 

Recognized as responsible for climate change, atmospheric GHG concentrations depend on 

fluxes (biotic and abiotic processes) with the different components of the Earth’s system 

(atmosphere, ocean, land, and lithosphere). Gradually, these interactions and stocks will have 

to be quantified and described to refine global budgets. CH4 and N2O have also been 

recognized as a significant efflux from freshwaters to the atmosphere (e.g., CH4; Cole et al., 

2007;  Sawakuchi et al., 2014; Borges et al., 2015b; e.g., N2O: McMahon and Dennehy, 1999; 

Cole and Caraco, 2001; Beaulieu et al., 2010). 

0.7.1. GHG riverine emissions 

In the same way as the change in perception of CO2 transfers and transformations along the 

aquatic continuum (Cole et al., 2007), the "Hole-in-Pipe" model has also modified the view of 

linear nitrification and denitrification processes, producing intermediate N2O under sub-

optimal conditions (Davidson, 1991) (Fig. 0-8). Indeed, low ambient oxygen tension 

denitrification (and also, to a lesser extent, dissimilatory nitrate reduction, Tiedje, 1988) and 

nitrification (mainly denitrification of nitrifiers, Wrage-Mönnig et al., 2018) are known to 

cause N2O emissions as an intermediate product (Cébron and Garnier, 2005; Aguilera et al., 

2013).  
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Fig. 0-8 Conceptual model of controls of nitrogen gas emissions from soil via nitrification and denitrification 

(source Davidson, 1991). Illustration of the change in perception from linear denitrification to “leaky pipe”. 

For CH4, environmental conditions favorable to methanogenesis are anoxia and depletion of 

alternative electron acceptors, nitrate, iron oxides, manganese oxides, and sulfate (Conrad, 

1999). However, CH4 oxidation may play a significant role in the CH4 budget of aquatic 

systems, depending on several physical and environmental characteristics (Borges et al., 

2015a). 

While N2O and CH4 dynamics are mainly linked to the fate of bacteria: denitrifiers and 

nitrifiers for the former, and methanogens and methanotrophs for the latter, CO2 is the result 

of biological metabolism of a broad spectrum of microorganisms, including production by 

autotrophs and degradation by heterotrophs. 

In addition to CO2 emissions from riverine continua, N2O and CH4 may also play a significant 

role due to their high global warming potential (265 and 28 times CO2, using the 100-yr GWP, 

CO2 as reference (Myhre et al., 2013)). Many regional studies on inland waters have focussed 

specifically on one of these three GHG concentrations, but comparisons of two or all three 

GHGs from streams and rivers remain scarce (e.g., Harrison et al., 2005; Hlaváčová et al., 

2006; Garnier et al., 2013b; Borges et al. 2015a; 2015b; 2018; Teodoru et al., 2015 ; Schade 

et al., 2016). 

In addition to their instream production, and like CO2, N2O and CH4 may come from diffuse 

and point sources. Diffuse sources are directly linked to soil leaching processes, and as water 

infiltration is a vector of dissolved gas, they can also be supplied by groundwater. Indeed, 

depending on the redox condition in the aquifers, gaseous N2O, CO2 or CH4 can be also 

produced. Whatever the sources, when subsurface runoff of groundwater reaches head surface 

waters, outgassing as a major process, occurs within a short distance (Garnier et al., 2009; 
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Öquist et al., 2009). WWTP effluents are also a direct source of N2O and CH4 for surface 

waters, but indirectly, ammonia, nitrate and organic matter contained in the wastewaters, can 

also be transformed in the river water column and at the sediment water interface (Garnier et 

al., 2009; 2013b).   

Although these emissions by the aquatic continuum (also known as indirect emissions in 

comparison with direct emissions from the land) may not be negligible, they are rarely 

included in national or global inventories that mostly concern direct GHG emissions from 

land. 

0.7.2.  GHG direct emissions  

The agricultural sector is known to be a significant direct emitter of N2O and CH4, through 

fertilizers and livestock, respectively. CO2 from agricultural activities is often significantly 

underestimated, for example, fertilizers, manufacturing and machinery are taken into account 

in the industrial sector but not in the agricultural sector? 

N2O fluxes are often reported to be associated with applications of mineral fertilizer 

(Bouwman, 1996), particularly on wet unsaturated soils (Clayton et al., 1994), but manure and 

other organic fertilizers also contribute to N2O emissions (Aguilera et al., 2013). CH4 fluxes 

originate mainly from livestock (Vermorel et al., 2008), particularly ruminants, although some 

soils can be a CH4 sink through CH4 oxidation (Boeckx and Van Cleemput, 2001), while in 

contrast, paddy soils can be net emitters of this gas (Dentener et al., 2005). Agricultural CO2 

emissions are more due to CO2 emitted by the use of fossil fuels for farm work, manufacture 

of fertilizer, of machinery, and imported animal feed Gingrich et al. (2007) than net soil CO2 

emissions resulting from the balance between the supply of humified organic matter and 

mineralization or leaching. However, how these different control factors combine and 

determine the variations in space and over time of GHG emissions by agricultural systems is 

still a difficult question to answer, for an interpretation that goes beyond national inventories 

(CITEPA, 2005). 

The non-agricultural sector (transport, heating, industry, etc.) is known to be dominating in 

CO2 emissions in most developed countries and to represent about 75-80% of the total 

emissions compared to about 15-20% linked to agriculture (Staufer et al., 2016; Wu et al., 

2016;  CITEPA, 2005). The Seine basin with the ¾ of its population concentrated in the Paris 

conurbation (12.4 M inhabitants in 2015, INSEE, 2015), and its intensive agriculture is a good 
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example to understand the fates and features of CO2 in regional indirect and direct GHG 

emissions.   

0.8. The Seine river basin: a temperate system highly impacted 

by humans 

0.8.1. Key features of the regional Seine basin 

The Seine River (776 km in length) has its spring in the Source-Seine village (Côte d’Or) and 

flows in a north-westerly direction into the English Channel. Geologically, the Seine basin is 

characterized by concentric sedimentary carbonated rocks on a basement of ancient massifs 

outcropping at the extreme south-east and north-east (Fig. 0-9). The medium altitude of the 

basin is 150 m asl. with 1% of the basin reaching more than 550 m asl. These concentric 

formations and low altitude gradient result in homogenous tributaries: the Oise, Marne, and 

Yonne and Eure Rivers (Fig. 0-9). The Seine watershed at its outlet (Poses) covers 64,870 

km
2
 and is the fourth biggest in France (Guerrini et al., 1998).  

The stream Strahler order (SO) structure of the river network is defined as: the upper Seine 

River flows with a SO6, until the confluence with the Marne River (also SO6), the lower 

Seine River becomes SO7 until the estuary (Strahler 1957; Billen et al., 2007; Thieu et al., 

2009).  

The Seine basin is densely populated (nearly 230 inhabitants km
-
², INSEE, 2015) 

concentrated mainly in the Paris conurbation and in its estuary (Le Havre), and has several 

large WWTPs including the largest WWTP in Europe (Seine Aval, SAV WWTP) (Fig. 0-9). 

The middle part of the basin is one of the most intensive agricultural areas in the world, 

oriented toward the mass production of cereals and industrial crops (CLC database, EEA, 

2012). Animal farming is highly developed and mainly concentrated in the western and 

eastern peripheries of the basin (Fig. 0-9). 
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Fig. 0-9 General geographical features of the Seine basin in France. a. Drainage network of the Seine River 

system. b. Lithological and geological structure. c. Distribution of population density in the Seine basin (data by 

commune INSEE, 2015) d. Land use in the Seine basin use according to Corine Land Cover (EEA, 2012). e. 

Main wastewater treatment plants in the basin. 
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0.8.2. State of research on carbon dynamics in the Seine River  

Since 1989, the PIREN-Seine programme (Programme Interdisciplinaire de recherche sur 

l’environnement – French Acronym PIREN, https://www.piren-seine.fr/en) has had a 

integrated vision of the functioning of the hydrographic network of the Seine as function of 

the human activities within its basin. The PIREN-Seine program launched by the CNRS is 

supported by several institutions involved in water management.   

In 1989, the first questions investigated by PIREN-Seine researchers were (i) how much must 

organic and ammonium pollution reaching the river downstream Paris conurbation be reduced 

to improve oxygenation in the 30 km downstream from the effluents of the major wastewater 

treatment plant (Seine-Aval WWTP at Achères)? (ii) Is it possible to reduce eutrophication in 

the major tributaries of the Seine River (Marne, Upper Seine and Oise rivers), where river 

water is pumped for drinking water?   

In this context, the Riverstrahler modeling tool was gradually developed. The representation 

of the organic carbon (OC) degradation processes by a simple first-order kinetic equation (H. 

W. Streeter and B. Phelps, 1925) used by sanitation engineers at that time, was replaced by an 

explicit representation of (i) organic matter in 6 compartments (particulate –POC- and 

dissolved –DOC- with 3 classes of biodegradability each, (Servais et al., 1991; Billen, 1991) 

and (ii) heterotrophic bacteria activities and biomasses (Garnier et al., 1992a; Garnier et al., 

1992b), implemented in a module referred to as the HSB model (Billen and Servais, 1989). 

Because organic matter was (and still is) measured as biochemical oxygen demand (BOD) in 

WWTPs, several studies enabled the conversion of BOD into carbon variables for HSB 

(Servais et al., 1999) and to characterize and quantify heterotrophic bacterial physiological 

processes and biomasses not only in the river but also in the WWPT effluents (Servais et al., 

1991; Servais et al., 1992; Barillier and Garnier, 1993; Servais and Garnier, 1993; Garnier et 

al., 1992a).  

In the early 1990s, algal development up to 200 µg chl a l
-1

, not only had adverse effect on 

drinking water production, but represented an organic load that also increased BOD, as shown 

by Billen et al. (1992), which led to anoxic events, fish mortality... A module of the 

representation of phytoplankton development was therefore linked to HSB in Riverstrahler 

making it possible to explore the decrease in nutrient loads needed to reduce eutrophication 

(Billen et al., 1994;  Garnier et al., 2005, 1995).  

https://www.piren-seine.fr/en
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The above studies, together with measurements of the concentrations of the differents forms 

of POC and DOC in the drainage network helped draw up an OC budget for the Seine River 

valid for the 1990s (Servais et al., 1998). 

Taking into account autotrophic and heterotrophic processes in the Riverstrahler model 

enabled quantification of the production/respiration ratio (P/R) along the Seine aquatic 

continuum for the 1991-1996 period (Garnier and Billen, 2007a), revealing more complexity 

of P/R in the upstream-downstream pattern than that provided by the River Continuum 

concept (Vannote et al., 1980) due to human intervention. More recently, using a modeling 

approach based on the same ecological processes, Vilmin et al., 2016 assessed the organic 

carbon (OC) budgets downstream and upstream from the Seine-Aval WWTP with more 

attention paid to benthos effects on OC exports (to the estuary or to the atmosphere) and 

highlighted the importance of benthic respiration, which accounted for one third of the total 

river respiration. 

Beyond these breakthroughs in the characterization of the degradation of organic matter, very 

little research was devoted to inorganic forms of carbon. Kempe (1984) calculated a calcite 

saturation index for the basin, and observed that almost the entire drainage network was 

supersaturated with respect to calcite. He also calculated pCO2 indirectly at one station (Paris) 

in the Seine River (CO2 mean: 1982 ppm – 1975-1979) (Kempe, 1982).  

Addressing DIC or CO2 concentrations along the Seine River was thus new. Further, taking 

into account the major improvements in treatment by the WWTPs since the 2000s (Aissa-

Grouz et al., 2015; Aissa-Grouz et al., 2016) leading to a reduction in organic pollution and 

eutrophication required an update of the organic carbon budget and P/R metabolism.   

0.8.3. Ecological functioning of the Seine River: the Riverstrahler model  

The biogeochemical functioning of the Seine River system has been deeply modified by 

human activities (intensification of agricultural practices, urbanization and industrialization, 

etc.). The Seine river system, like many other river systems in densely populated regions of 

the world, is mainly controlled by anthropogenic constraints. The functioning of the Seine 

River mainly depends on the location of Paris Megacity, in the center of the basin, 360 km 

upstream from the coast. Whereas the upstream basin is influenced by terrestrial inputs from 

the watershed (diffuse sources of nutrients and carbon), the main branch of the Seine, from 

Paris to the estuary is strongly impacted by point sources of the 12 million inhabitants, 
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although wastewater treatments have been much improved in the last 20 years (Romero et al., 

2016).  

The aim of the deterministic Riverstrahler model is to represent the impact of human activities 

on the quality of river systems by describing the kinetics of all microscopic processes 

occurring within drainage networks. Accordingly, in this spatially explicit modeling approach, 

the drainage network is considered as a combination of basins, idealized as a regular scheme 

of confluent tributaries of increasing stream order (Strahler, 1957), each characterized by 

mean morphological properties and connected to branches represented with higher spatial 

resolution (1 km). The advantage of this representation of the drainage network is that the 

processes occurring in small first-order streams, headwater streams, and large tributaries can 

all be taken into account. 

The model couples water flows routed through the defined structures of basins and branches 

with a description of the biological, microbiological, and physicochemical processes 

occurring within the water masses. The variables comprise nutrients, oxygen, suspended 

matter, dissolved and particulate non-living organic carbon, as well as algal, bacterial, and 

zooplankton biomasses, giving a total of 35 variables. Most of the processes that play an 

important role in the transformation, elimination, and/or immobilization of nutrients during 

their transfer through the network of rivers and streams are explicitly calculated, including 

algal primary production, aerobic and anaerobic organic matter degradation by planktonic and 

benthic bacteria, coupled with oxidant consumption and nutrient remineralization, nitrification 

and denitrification, phosphate reversible adsorption onto suspended matter and subsequent 

sedimentation. 

The biogeochemical core of the Riverstrahler model (RIVE model, www.fire.upmc.fr/rive) is 

shown in Fig. 0-10 and a detailed description of the model parameters for benthic processes 

can be found in Garnier et al. (2002), and in Billen et al. (2015). 

file:///D:/billen/Documents/$articles%20en%20cours/Seneque%203.7/www.fire.upmc.fr/rive


Introduction 

29 

 

Fig. 0-10 Schematic representation of the RIVE model of biogeochemical processes in river systems 

At this stage, Riverstrahler models particulate and dissolved forms of organic carbon but does 

not take inorganic carbon directly into account. A new inorganic module to model carbonate 

chemistry and the associated CO2 fluxes along the land-to-ocean aquatic continuum (LOAC), 

is needed in this conceptual framework to address new scientific questions related to GHG 

emissions that are of great concern. Specifically, inorganic carbon modeling should make it 

possible to propose process based budgets to understand the role of hydrosystems in carbon 

cascades, and enable a better description of the biogeochemistry of the Seine River watershed 

under new anthropogenic or climatic constraints. 
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0.9. Objectives of the thesis research 

A part of the C-Cascade program effort 

The C-CASCADES (Carbon Cascades from Land-to-Ocean in the Anthropocene) project 

(2015-2018) is an innovative training network (ITN) under the Marie Skłodowska-

Curie actions (http://c-cascades.ulb.ac). The aim of this project was to achieve a breakthrough 

in our understanding of the transfers and transformations of carbon along the Land-Ocean 

Aquatic Continuum (LOAC) under contrasted climate conditions. The consequences of 

anthropogenic perturbations for atmospheric concentrations of CO2 and for carbon-climate 

system are also studied.  

This thesis is part of the first work package (WP1: Process understanding: technical 

development, observations and experiments) of the C-CASCADES project that aim to study 

key processes involved in the LOAC including photosynthesis, microbial mineralization, 

erosion, etc. and the development of sensors. The results of field and lab experiments should 

increase the accuracy of lateral carbon fluxes (e.g., Nydahl et al., 2017).  

Understanding the processes and the estimated fluxes should be included in the 

biogeochemical models of the WP2: Regional scale applications: benchmark studies on hot-

spot areas or WP3: Global scale modeling and feedbacks on Earth system processes.  

Specific research questions and organization of the manuscript  

This thesis is part of a current collective effort to better understand and characterize carbon 

cycling along a river continuum. In this context, my Ph-D work consisted of a regional 

analysis of the highly human impacted Seine Basin.  

The first objectif is to assess inorganic (CO2) concentrations and emissions associated with 

organic carbon (DOC, POC) dynamics in the aquatic continuum of the Seine River from 

headwater streams to the main stem. This objective was expressed through several research 

questions: 

What are the different sources that control inorganic and organic carbon concentrations in 

water and the associated CO2 emissions to the atmosphere? This question is particularly 

complex because of the diversity and intensity of human pressures on the Seine watershed. 

http://c-cascades.ulb.ac/


Introduction 

31 

Do physical and biogeochemical processes that necessarily govern the inorganic carbon 

cycle from headwaters down to estuarine part of the Seine River have the same relative effects 

along the continuum? Addressing these challenges required a modeling approach to allow 

quantification of the contribution of instream processes versus lateral terrestrial sources and to 

establish carbon cascade budgets based on a process-based understanding of the functioning 

of the Seine aquatic system.  

Still using the LOAC conceptual approach, the logical next step was to monitor carbon 

deliveries from the Seine to its estuary, raising the question of the fate of carbon riverine 

fluxes, and answering the question: what is the specific role of the Seine estuary in carbon 

transfers and transformations? 

The second objective was to consider CO2 emissions in parallel with emissions of two major 

other GHGs, N2O and CH4. The questions behind this objective were: What is the share of 

N2O and CH4, emission from the hydrosystem, in the total emissions with CO2? How 

important are these river emissions compared to emissions from terrestrial parts of the basin, 

especially agriculture, a sector known for its high N2O and CH4 emissions?  

According to these objectives and questions, the manuscript is composed of two parts.  

The first part “Carbon dioxide in the Seine aquatic continuum: Observations and modeling” 

deals with carbon dynamics and includes Chapter 1, which is devoted to field measurements 

to enable quantification of carbon forms in the hydrosystem, while Chapter 2 led to the 

modeling of carbon dynamics and outgassing in the river continuum. Chapter 3 deals with the 

estuary and presents an extensive carbon budget.  

The second part of the manuscript: “Greenhouse gas (CO2, CH4, N2O) emissions from the 

Seine basin” and in Chapter 4, compares concentrations and emissions of CO2 with those of 

CH4 and N2O in the hydrosystem but also in agricultural and non-agricultural areas of the 

Seine basin. Finally Chapter 5 targets agricultural emissions of CO2, CH4, N2O over the long 

term and on a larger spatial scale, followed by a general conclusion and future outlook. 
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 PART ONE: SUMMARY  

   

 The first part of my Ph-D thesis was dedicated to gathering new knowledge on 

carbon dioxide (CO2) concentrations and emissions from the human-impacted 

Seine basin, a greenhouse gas that had not yet been investigated by our research 

group.  

A major identity of the group is to link observations on the field, and the 

Riverstrahler modeling approach, that is able to simulate the biogeochemical 

functioning of hydrosystems at the scale of their drainage network. Whereas most 

PhD studies deal either with field work (and/or experimental studies) or modeling 

activities, the first challenge of my PhD thesis was to simultaneously collect CO2 

measurements (and several other physical-chemical parameters) in the field and 

exploit this field knowledge to develop a module describing the cycling of 

inorganic carbon in the Riverstrahler model. In addition to using the data collected 

into a general modeling framework, major investment in data collection and 

processing was required not only to build the constraints required by this new 

model, but also to reconstruct and analyze long term trends in CO2 concentrations 

based on databases from to the French Water Agency on the Seine basin (AESN). 

Further, the group is known for collaborating with marine teams, covering the 

entire land-ocean aquatic continuum, and determining the impact of river nutrient 

deliveries on the ecological functioning and eutrophication of the coastal zone, 

using the capacity of a marine model to represent the estuarine part (ECO-

MARS3D: Cugier et al., 2005; Romero et al., 2018). However, this model does not 

include the inorganic form of carbon. Within the group, I had the luck to be able to 

collaborate in the new implementation of the generic estuarine model (C-GEM) on 

the Seine River, and in its coupling with the Riverstrahler model to track CO2 

dynamics all along the river-estuarine aquatic continuum.  

In the first chapter, I identified the factors controlling the partial pressure of carbon 

dioxide (pCO2), on the one hand through four field campaigns in streams and 

rivers draining different land uses (croplands, grasslands, forests, urban areas, 

wetlands), in a reservoir, and in piezometers through four contrasted hydrological 

time periods (in 2016: winter, spring flood, summer-autumn, and in 2017: spring). 

On the other hand, I analyzed long trend data series (from 1970) of pCO2 on the 

main stem of the Seine River. In this way, the Seine hydrosystem was shown to be 

supersaturated in CO2 with respect to atmospheric equilibrium, but this has 

decreased since the 1990s concomitantly with the improvement of wastewater  
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treatment plants. In addition to organic carbon from soil leaching, pCO2 and CO2 

fluxes from the Seine were also shown to be clearly linked to dissolved organic 

carbon from wastewater effluents. 

In the second chapter, I describe the new implementation of an inorganic carbon 

module in the biogeochemical pyNuts-Riverstrahler model. The identification of 

factors controlling pCO2 (see chapter 1) helped to characterize the inputs of the 

carbonate system (dissolved inorganic carbon –DIC-, total alkalinity –TA-), 

necessary for the implementation in Riverstrahler. Therefore groundwaters, 

subsurface flows and wastewater treatment plants were defined in terms of DIC 

and TA. The module developed in chapter 2 enabled the simulation of CO2 

concentrations. Once Riverstrahler, including the CO2 module, was validated by 

comparing the simulation with observations available at any location in the river 

drainage network, biogeochemical processes (photosynthesis, planktonic and 

benthic respiration, etc.) can be recovered individually and analyzed to understand 

and discuss both the supersaturation and heterotrophic character of the Seine 

hydrosystem. We also propose inorganic and organic carbon budgets for the 

drainage network, emphasizing the huge contribution of DIC inputs from ground- 

and subsurface waters.  

In the third chapter, by coupling the riverine pyNuts-Riverstrahler model and the 

C-GEM estuarine model, we accomplished the first transient representation of 

biogeochemical processes involved in the concentrations and emissions of CO2 

over an entire river network. CO2 outgassing from the riverine part of the basin 

was dominant (344 GgC yr
-1

), but the estuary accounted for ~23% of the total (101 

GgC yr
-1

) over a surface area which represents 34% of the entire mirror surface of 

the Seine River (total: 426 km
2
).  

This part of the thesis led to national and international collaboration. The 

technique used to measure direct pCO2 was transferred thanks to collaboration 

with A. V. Borges from the Chemical Oceanography Unit, University of Liège 

(Belgium). The basis of the inorganic carbon module was transmitted by N. 

Gypens (the Ecology of Aquatic System Unit, Université Libre de Bruxelles, 

Belgium) and A.V. Borges. Veolia Water and the Syndicat Interdépartemental 

pour l’Assainissement de l’agglomération parisienne (SIAAP) enabled 

measurements in WWTPs. 
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Abstract 

Carbon evasion from rivers is an important component of the global carbon cycle. The 

intensification of anthropogenic pressures on hydrosystems requires studies of human-

impacted rivers to identify and quantify the main drivers of carbon evasion. In 2016 and 2017, 

four field campaigns were conducted in the Seine River network characterized by an 

intensively cropped and highly populated basin. We measured partial pressures of carbon 

dioxide (pCO2) in streams or rivers draining land under different uses at different seasons. We 

also computed pCO2 from an existing data set (pH, water temperature and total alkalinity) 

going back until 1970. Here we report factors controlling pCO2 that operate at different time 

and space scales. 

In our study, the Seine River was shown to be supersaturated in CO2 with respect to the 

atmospheric equilibrium, as well as a source of CO2. Our results suggest an increase in pCO2 

from winter to summer in small streams draining forests (from 1670 to 2480 ppm), croplands 

(from 1010 to 1550 ppm), and at the outlet of the basin (from 2490 to 3630 ppm). The main 

driver of pCO2 was shown to be dissolved organic carbon (DOC) concentrations (R
2
 = 0.56,   

n = 119, p < 0.05) that are modulated by hydro-climatic conditions and groundwater 

discharges. DOC sources were linked to land use and soil, mainly leaching into small 

upstream streams, but also to organic pollution, mainly found downstream in larger rivers. 

Our long-term analysis of the main stream suggests that pCO2 closely mirrors the pattern of 

urban water pollution over time. 

These results suggest that factors controlling pCO2 operate differently upstream and 

downstream depending on the physical characteristics of the river basin and on the intensity 

and location of the main anthropogenic pressures. The influence of these controlling factors 

may also differ over time, according to the seasons, and mirror long term changes in these 

anthropogenic pressures.  
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1.1. Introduction 

Globally, streams and rivers are estimated to contribute significantly to carbon budgets, with 

two recent studies estimating carbon dioxide (CO2) emissions in the order of  0.65−0.17
+0.20 PgC 

yr
-1

 and 1.80 ± 0.25 PgC yr
-1 

(Lauerwald et al., 2015; Raymond et al., 2013a). This wide 

range underlines continuing uncertainty, and regional studies are thus needed to provide a 

better description of the processes driving these carbon fluxes. 

Excessive or deficient CO2 concentration in water with respect to atmospheric equilibrium 

determines whether inland waters are a CO2 source or sink. In the majority of river drainage 

networks, the ratio of primary production to respiration is less than 1, contributing to carbon 

evasion from inland waters to the atmosphere (Cole et al., 2007; Garnier and Billen, 2007; 

Battin et al., 2009). CO2 supersaturation in waters with respect to the CO2 atmospheric 

equilibrium can result from the bacterial mineralization of biodegradable organic material 

exported from soils and autochthonous production as well as inorganic carbon imports from 

soils (weathering of the bedrock, acidification of buffered waters, etc.) (Butman and 

Raymond, 2011). In rivers with extensive wetlands (flooded forests and floating 

macrophytes), lateral DOC enhancing mineralization in the river channel’s and CO2 transports 

are particularly important (Abril et al., 2014; Richey et al., 2002; Borges et al., 2015b; Borges 

et al., 2015a). In addition, CO2 in rivers can be transferred from groundwaters (Venkiteswaran 

et al., 2014).  

Under the temperate European climate, partial pressure of CO2 (pCO2) values in rivers display 

significant variability related to land use, lithology and hydrological conditions. For example, 

in France, pCO2 levels of around 284 ppm were measured in the Loire (croplands) (Abril et 

al., 2015), from 1604 to 6546 ppm in the podzolized Arcachon catchment’s streams, with 

higher values when discharge is low (Polsenaere et al., 2013), and 2292 ppm in the carbonate-

rock-dominated Meuse watershed, which is mostly covered by forests, grasslands and 

croplands (Abril et al., 2015). A recent study of the Meuse River (Borges et al., 2018) 

revealed marked variations in pCO2 (34 to 10,033 ppm) the higher values being associated 

with watersheds dominated by agriculture and lower values with forested watersheds. CO2 

undersaturation with respect to the atmospheric equilibrium has been demonstrated in the 

upstream part of the Danube River basin related to photosynthetic uptake in summer 

(Pawellek and Veizer, 1994).  
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In the Seine River basin, previous carbon investigations focused on organic carbon (Servais et 

al., 1998), methane emissions from soils, livestock and the river network (Garnier et al., 

2013b) or on benthic respiration (Vilmin et al., 2016) and ecological status based on the 

production/respiration ratio (Garnier and Billen, 2007a). These studies did not specifically 

address CO2 concentrations. Our objective here was to quantify pCO2 in the Seine River, 

using both recent in situ measurements and calculations based on long time series of existing 

data, in order to evaluate the distribution of pCO2 and CO2 evasion in the drainage network, 

and to identify the major factors controlling pCO2.  

1.2. Materials and methods 

1.2.1. Study site  

The Seine River watershed, located in northern France, covers an area of 76,750 km
2 

with a 

median slope of 2.2° and 89.5% of its area is less than 300 m A.S.L. It has a pluvio-oceanic 

regime and its annual water flow in the period 2013–2016 averaged 550 m
3
 s

-1
 at the river 

outlet at Poses (Fig. 1-1). The Poses monitoring station, located at a navigation dam, is the 

most downstream station not subject to the dynamic influence of the tidal estuary. Low water 

flows (< 300 m
3
 s

-1
) are generally observed from March to November, while high flows (> 

800 m
3
 s

-1
) occur in winter, from December to February (data provided by the HYDRO 

database, http://www.hydro.eaufrance.fr, 2018).  

Three major diverted reservoirs (Fig. 1-1a) located in the upstream part of the basin (the 

Marne reservoir, the Aube reservoir and the Seine reservoir) were built to reduce high water 

events in winter, and to sustain the flow in late summer. They have a combined storage 

capacity of 800 10
6 

m
3 

and a surface area of 65 km² (Garnier et al., 1999). 

The basin is densely populated (~ 230 inhabitants km
-2

) mostly concentrated in the Paris 

conurbation (12.4 million inhabitants in 2015) in the central part of the basin. The largest 

wastewater treatment plant in Europe: Seine Aval, (French acronym SAV) WWTP with a dry 

weather capacity of 1,500,000 m
3 

d
-1

) is located 50 km downstream of the center of Paris (Fig. 

1-1b). The corresponding effluents account for more than 30% of the organic carbon load of 

all the WWTPs in the basin (Passy et al., 2013). Major upgrading of wastewater treatments of 

the SAV followed the Urban Wastewater Treatment Directive (1991, 91/271/CEE) among 

http://www.hydro.eaufrance.fr/
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which the addition of flocculation (2000-2003), nitrification (2007) and denitrification (30% 

in 2007 and 70% in 2012) (Aissa-Grouz et al., 2015). 

 

Fig. 1-1 Maps of the Seine river basin created using QGIS software(QGIS Development Team, 2016). (a) The 

hydrographic network with Strahler orders from 1 to 7, main urban centers (carmine red dots), small stream 

sampling zones (S1, S2 and S3), main stream sampling sites (orange squares along the lower Seine and the 

Marne rivers, the three main reservoirs (blue squares) and the main wastewater treatment plant (grey dot). (b) 

Wastewater treatment plants in the Seine basin mapped according to their treatment capacity (AESN 2012); (c) 

Land uses in the Seine basin (CLC database, IFEN 2012)(IFEN, 2012); (d) Lithology of the Seine basin 

(Albinet, 1967; Albinet, 1967) 

The Seine counts about 1700 smaller capacity WWTPs spread throughout the basin (Fig. 

1-1b). The basin comprises 56.8% arable land (mainly under intensive agriculture), 25.8% 

forests, 9.7% grasslands and 7.0% urban areas (CLC database, IFEN 2012, Fig. 1-1c). 

Wetlands have been estimated at between 10.9% and 15.6% of the surface area of the basin 

(Curie et al., 2007). The Strahler stream order (Strahler, 1957) of the main stream of the basin 

is 6
th

 order for the Marne River and 7
th

 order for the Seine River downstream of Paris (Fig. 

1-1a). The sedimentary basin of the Seine River is characterized by geological formations 

with low slope gradients resulting in concentric lithology dominated by carbonate and 

limestone in the central part of the basin, a wide band of Cretaceous chalk and a narrow band 

of clay followed by Jurassic limestone at the periphery (Fig. 1-1d). 



Part I |Carbon dioxide in the Seine aquatic continuum: observations and modelling 

42 

1.2.2. Sampling strategy, physical-chemical analysis and direct 

measurements of pCO2 

We sampled 30 sites in streams chosen because they mainly drain grasslands, forests and 

wetlands, croplands, and along the main streams of the Marne River (including in its 

reservoir) and of the lower Seine (Fig. 1-1a, exact locations in supplementary materialAnnex 

1-1). Sampling campaigns were carried out in four contrasting hydro-climatological periods. 

Water discharges were measured at the outlet of the basin (Poses) and temperatures were 

measured at each sampling site in winter from February 22 to March 10, 2016, (1030 m
3
 s

-1
, 

6.9 °C on average), in summer/autumn from September 7 to 14, 2016, (270 m
3
 s

-1
, 18.8 °C), 

spring from March 14 to 23, 2017, (580 m
3
 s

-1
, 9.9 °C) as well as during a spring flood event 

that was exceptional in its timing, from May 23 to June 2, 2016, (1500 m
3
 s

-1
, 13.0 °C, at 

sampling time with a maximum discharge reaching 2000 m
3
 s

-1
 at the river outlet, at Poses). 

The field campaigns were assumed to be key seasonal and hydrological periods and were 

conducted in areas representing the main types of land use in the Seine River basin. 

Direct pCO2 measurements were based on the syringe headspace technique (Abril et al., 2015; 

Teodoru, 2009) combined with non-dispersive infrared gas analysis (IRGA) (Li-cor® models 

820 or 840; accuracy < 3% of reading). Calibration was performed using CO2 concentration 

of 799 ppm and CO2-free dinitrogen. Four syringes coupled with three-way valves were filled 

directly in the stream or river, each replicate containing 30 mL of river water and 30 mL of 

atmospheric air. Closed syringes were continuously shaken for 10 min to equilibrate CO2 

concentrations of gas and water. The equilibrated gas was injected into the IRGA and water 

temperature inside the syringe was measured. The first injection served as a purge and the 

other three were used for pCO2 measurements. The initial pCO2 in water was computed based 

on the pCO2 measured in the equilibrated air of the syringe and in the atmospheric air, and 

Henry’s law accounting for the water temperature in the syringe and in situ.  

Simultaneously, 2 L water chemistry high-density polyethylene sampling bottles were used to 

collect samples from bridges over the main stream, and along the banks of smaller streams. 

Water temperature, pH, dissolved oxygen and conductivity were measured in the field using a 

multi-parameter probe (YSI® 6600 V2, accuracy ± 0.2 units). Calibrations of the probe were 

completed with pH 7 and pH 4 buffers for pH (NBS Scale), potassium chloride (KCl) 

electrolyte solution for dissolved oxygen and 10 mS cm
-1

 standard for conductivity. In the 

laboratory, water subsamples were filtered on combusted filters for 4 h at 500 °C: GF/F 0.7 
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µm, 25 mm) to analyze particulate inorganic and organic carbon (PIC and POC, respectively). 

Filtrates enabled measurement of dissolved inorganic and organic carbon (DIC and DOC) 

concentrations and total alkalinity (TA). One milliliter of sulfuric acid (3 M) was added to the 

DOC samples to stop biological reactions. Dissolved inorganic and organic carbon were 

analyzed with a TOC analyzer (Aurora 1030). Nongaseous DIC analyses required 

acidification of the filtrated sample by adding sodium persulfate reagents (100 g L
-1

) to 

dissociate the carbonates in the CO2 that were detected by an IRGA. The inorganic free 

sample was used for DOC measurements. DOC was measured by wet oxidation by adding 

10% phosphoric acid oxide followed by high temperature (680 °C) catalytic combustion, and 

then detected using an NDIR technique. TA (µmol kg
-1

) was analyzed using an automatic 

titrator (TitroLine® 5000) on three 20 mL replicates of filtered water (GF/F: 0.7 μm), with 

hydrochloric acid (0.1 M).  

Values of total suspended solids (TSS) were determined as the weight of material retained on 

a Whatman GF/F membrane per volume unit after drying the filter for 2 h at 120 °C. 

Chlorophyll a concentrations (Chl. a) were determined according to Lorenzen, (1967). 

Aquifer waters were also sampled during the same periods. Groundwater was pumped from 

the piezometers using a peristaltic pump. Before the samples were collected, the piezometers 

were emptied by flushing to remove the standing water (5–10 L in each piezometer) 

(Guillaume Vilain et al., 2012). The same variables were measured or analyzed, except Chl. a.  

1.2.3.  pCO2 calculations from existing data 

pCO2 were computed with the CO2SYS software (Pierrot et al., 2006) using the water 

temperature and two of the three following measurements: pH, TA and DIC. In contrast to 

DIC, TA is often measured by the French water authorities Agence de l’Eau Seine Normandie 

(French acronym AESN, http://www.eau-seine-normandie.fr/, 2018/11/05), and thus were 

preferred to compute pCO2 in combination with pH and water temperatures. The carbonate 

dissociation constants (K1 and K2) applied were from Millero, (1979) with zero salinity. 

During our field campaigns (winter 2016, spring 2017, spring flood 2016, summer/autumn 

2016, see previous section), we systematically combined direct measurements of pCO2 with 

measurements of water temperature, pH and TA (130 samples). We found a positive 

relationship between the pCO2 values directly measured during our field campaigns and those 

http://www.eau-seine-normandie.fr/


Part I |Carbon dioxide in the Seine aquatic continuum: observations and modelling 

44 

calculated using water temperatures, pH and TA (Fig. 1-2.). This relationship was then used 

to correct possible bias (Abril et al., 2015) of pCO2 values calculated with CO2SYS program. 

We also used the database (42,108 data with simultaneous water temperatures, pH and TA 

measured between 1971 and 2015) provided by the French water authorities (AESN) to 

compute and analyze the pCO2 dynamics in the Seine basin in space and over time since the 

1970s. These pCO2 data series were corrected by the relationship previously established and 

then averaged by months and years at each monitoring station. Within this timeframe (1970-

2015), two periods of interest (ii) 1989–1991 (92 monitoring stations) and (ii) 2013–2015 

(234 monitoring stations) were defined as representative of the changes that occurred recently 

in the Seine river basin. The former period (1989–1991) represents the period of highest 

organic pollution from WWTPs, only treated by activated sludge. The most recent period 

(2013–2015) illustrates the state after a full implementation of the Urban Wastewater 

Treatment Directive (1991, 91/271/CEE), including the reduction of point sources of organic 

carbon (industrial and domestic) discharge into the river, as well as phosphorus and nitrogen 

(Passy et al., 2013; Aissa-Grouz et al., 2015; 2016). In addition, we assessed the spatial 

variability of pCO2 along the main stream of the Seine River, comparing the concentrations of 

the most important effluents up- and downstream (Paris and Poses stations, Fig. 1-1) of the 

SAV WWTP. We also computed pCO2 at a constant temperature of 10°C (pCO2@10°C) 

downstream of the SAV WWTP to show the impact of solubility on pCO2 (see results section: 

“Long-term pCO2 variability (1970–2015)”). 

1.2.4. Determination of gas transfer velocities 

Raymond et al. (2012a) pointed out that gas transfer velocity equations including slope and 

water velocity enable easy measurements and recommended the use of these equations at 

large spatial scales. We selected the equation requiring only the slope and the water velocity 

and that had the highest squared-R in the Raymond et al. (2012a) study (Equation 5 in Table 2 

in Raymond et al. (2012a)) as we wanted to compare the variability of CO2 evasion in the 

basin in space and over time. We used kinematic water viscosity coefficients and Schmidt 

numbers calculated according to Wanninkhof (1992). 

The slopes of the streams and rivers were provided by the French water authorities (AESN). 

Water velocities were estimated from discharge records available at the scale of the whole 

drainage network for the period 2012–2014. Water temperatures were averaged by season of 
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interest based on our field campaigns (winter, spring and summer/autumn). The k-values were 

calculated by stream order and then aggregated by small streams (Strahler orders (SOs) 1–4) 

and along the main stream (SOs 5–7). Calculated k-values for the spring flood event were 

based on averaged spring water temperatures associated with measurements of high water 

flow collected during the exceptional spring flood (May 2016). 

According to Wanninkhof (1992), Wilke and Chang, (1955) and (Raymond et al. (2012a), the 

gas transfer velocity 𝑘𝐶𝑂2
 (m d

-1
) under negligible wind conditions in rivers can be calculated 

as:  

𝑘𝐶𝑂2
= 𝑘600 . √

600

𝑆𝑐𝐶𝑂2
(𝑇)

 

 

(1-1) 

 

𝑘600 = 𝑣𝑆 2841 ± 107 +  2.02 ± 0.209 

 

(1-2) 

where 𝑘600 is the gas transfer velocity for a Schmidt number of 600 (m d
-1

),  𝑣 is the water 

velocity (m s−1), 𝑆 the slope (-),107 et 0.209 are the standard deviations of the 

parameters. 𝑆𝑐𝐶𝑂2
(𝑇) is the Schmidt number (dimensionless) with the water temperature 𝑇 in 

Celsius (°𝐶) calculated as : 

𝑆𝑐𝐶𝑂2
(𝑇) =  1911.1 − 118.11𝑇 + 3.4527𝑇2 − 0.04132𝑇3 (1-3) 

 

 

The flux (𝑓𝐶𝑂2, mgC-CO2 m
-2

 d
-1

) at the interface of the river and the atmosphere can be 

calculated as: 

𝑓𝐶𝑂2 = 𝑘𝐶𝑂2
 ([𝐶𝑂2] − [𝐶𝑂2]𝑒𝑞) (1-4) 

 

where [𝐶𝑂2] is the CO2 concentration in the water (mgC-CO2 m
-3

), and [𝐶𝑂2]𝑒𝑞  is the CO2 

concentration in equilibrium with atmospheric concentrations (mgC-CO2 m
-3

). Annual 

atmospheric pCO2 values measured at Mauna Loa Observatory (Hawaii, U.S.A.) were 

provided by the NOAA/ESRL (http://www.esrl.noaa.gov/gmd/ccgg/trends/, 2018/11/05), 

http://www.esrl.noaa.gov/gmd/ccgg/trends/


Part I |Carbon dioxide in the Seine aquatic continuum: observations and modelling 

46 

Scripps Institution of Oceanography (scrippsco2.ucsd.edu/, 2018/11/05). 𝑘𝐶𝑂2
 (m d

-1
) is the 

gas transfer velocity (see equation 1).  

1.2.5. Statistical tests 

All statistical tests were performed using R software (R Core team, 2015).  

Wilcoxon signed-rank tests were used to compare measured pCO2 in the four periods, and 

Kruskal-Wallis tests were used to compare measured pCO2 averages for different land uses 

during each period. A Shapiro-Wilk test was applied to test the normal distribution before 

performing the linear regression between measured pCO2 and calculated pCO2. Linear 

regressions were then performed between pCO2 and water quality variables. 

1.3. Results 

1.3.1. Measured versus calculated pCO2 

The streams and rivers sampled during our field campaigns were neutral or basic and 

carbonate-buffered (Fig. 1-2a and 2c), excluding the overestimation of calculated pCO2 

already shown to be linked to the low buffering capacity of the carbonate system (Abril et al., 

2015). A logarithmic transformation was performed on both measured and calculated pCO2 to 

obtain normal distribution (Shapiro-Wilk test, p > 0.01)) to calculate a linear regression. A 

positive relationship was established (R
2
 = 0.56, n = 130, p < 0.01).  

𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 𝒑𝑪𝑶𝟐
 =  𝟏𝟎

(
𝒍𝒐𝒈(𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 𝒑𝑪𝑶𝟐

)− 𝟎.𝟓𝟏

𝟎.𝟖𝟓
)

 (p < 0.01 and degrees of freedom = 106) 
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Fig. 1-2 Measured pCO2 vs. (a) pH (NBS scale); (b) water temperature (Water temp.); (c) total alkalinity; (d) 

comparison of calculated pCO2 (using pH, temperature, alkalinity) and direct measurements of pCO2. Green 

lines represent the 95% confidence intervals. 

1.3.2.  Field campaign dataset overview 

Average water temperatures ranged between 6.9 °C and 18 °C which corresponds to the 

expected seasonal range for the Seine basin (Table 1-1). pH values were generally neutral to 

basic, with median values of pH and TA in all streams and rivers ranging respectively from 

7.75 to 8.25 and from 3150 µmole l
-1

 to 4350 µmole l
-1

(see Table 1-1). Only two acidic pH 

values measured during the winter in streams draining forests (data not shown). The high total 

alkalinity measured in all the streams and rivers (Table 1-1) indicated that waters were 

carbonate-buffered due to the lithology of the basin, which is dominated by carbonate rocks 

(Fig. 1-1d) (Meybeck, 1987). Indeed, dissolved inorganic carbon (DIC) concentrations were 

high (min.: 19.3 mgC l
-1

, Table 1-1) as was conductivity (median of all campaigns: 0.554 mS 

cm
-2

), suggesting that bicarbonate ions contributed most to total alkalinity. Dissolved 

inorganic carbon (DIC) concentrations averaged 52.55 mgC l
-1

 (median: 54.04 mgC l
-1

). 

Dissolved organic (DOC) concentrations were one order of magnitude lower than those of 
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DIC, the highest being observed in streams draining wetlands (median: 17.25 mgC l
-1

) while 

streams draining croplands had the lowest concentrations (median: 2.62 mgC l
-1

). Total 

suspended solids (TSS) were highest (median 20.77 mg l
-1

) in grasslands during the spring 

flood 2016 (with a median chlorophyll a concentration of 27.1 µg l
-1

). Wetlands were mostly 

undersaturated in oxygen (median: 5.7 mgO2 l
-1

 and min. water temperature: 6.1°C) while the 

rest of the data set showed oxygenated waters (median: 9.2 mgO2 l
-1

; min. – max.: 6.0 – 15.7 

mgO2 l
-1

).  

Table 1-1.Summary of the field data set. Median, 10
th

 and 90
th

 percentiles pH (measured on the NBS scale), 

water temperature, total alkalinity, dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), total 

suspended solids (TSS), chlorophyll a (Chl. a), dissolved oxygen (O2) and conductivity. Mean water discharges 

are showed for seasons at the outlet of the basin. 

    pH Water 

temp. 
Total 

alkalinity 
DOC DIC TSS Chl. a O

2 Conductivity Water 

flow 
    (-) (°C) (µmole l-1) (mgC l-1) (mgC l-1) (mg l-1)  (µg l-1) (mgO

2
 l-1) (mS cm-2) (m3 s-1) 

Winter median 8.05 6.9 4350 6.9 52.7 22.7 6.6 9.85 0.557 1030 
2016 10th - 90th 7.30 - 8.50 5.0 - 8.3 2770 - 5140 2.7 - 13.8 38.1 - 64.3 10.3 - 42.7 2.4 - 9.6 5.60 - 13.37 0.327 - 0.781 

Spring Median 8.25 9.9 4255 4 58.6 17 6.1 9.63 0.59 580 
2017 10th - 90th 7.82 - 8.47 8.3 - 11.0 2375 - 5475 2.4 - 14.7 39.6 - 72.0 8.2 - 32.8 1.6 - 25.4 8.88 - 10.94 0.392 - 0.678 

Summer-autumn Median 7.96 18 4037.5 3.5 53.9 7.9 2.3 8.23 0.597 270 
2016 10th - 90th 7.83 - 8.33 15.5 - 22.6 1872.5 - 5685 2.0 - 6.6 28.2 - 73.6 4.1 - 45.3 1.1 - 10.9 9.00 - 8.23 0.373 - 0.695 

Spring flood Median 7.75 13 3150 11.4 45.7 20.77 12 8.81 0.49 1500 
2016 10th - 90th 7.29 - 7.98 11.9 - 15.5 1875 - 5800 3.4 - 20.9 26.3 - 66.9 3.2 - 214.0 2.3 - 30 5.81 - 9.58 0.311 - 0.648 

1.3.3. Variability in pCO2 

Spatial and seasonal variability of pCO2 

All samples were supersaturated in CO2 with respect to the atmosphere, regardless of river 

characteristics (small stream or main stream), the associated dominant land use and the season 

(Fig. 1-3a). pCO2 increased significantly i.e., by an average of 49% and 62% from winter to 

summer/autumn, in streams draining forests and croplands (p < 0.05, Wilcoxon signed-rank 

test, Fig. 1-3a). Values in grasslands did not typically follow this pattern (p > 0.05, Wilcoxon 

signed-rank test, Fig. 1-3a), and pCO2 remained rather stable at 2,900 ppm, whereas pCO2 

was the highest in wetlands (p < 0.05, Kruskal-Wallis test), especially in spring and 

summer/autumn (> 4500 ppm).  
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For each of the four seasons monitored, pCO2 average decreases ranked as follows: wetlands 

> grasslands > forests > croplands (p < 0.05, Kruskal-Wallis tests, Fig. 1-3a). At the outlet of 

the Seine River, the main stream drains composite land uses where pCO2 averages were found 

to be equivalent to those measured in small streams draining grasslands (Fig. 1-3b). 

In the lower Seine River, which is highly impacted by urbanization and associated treated 

WWTP effluents, a 69% increase in pCO2 was observed from winter (December to February), 

to spring (March to June) to summer/autumn (June to November) with limited dilution by the 

discharge (mean discharge in winter: 1030 m
3
 s

-1
; spring: 580 m

3
 s

-1
; summer/autumn: 270 m

3
 

s
-1

) (Fig. 1-3b, Table 1-1).  

However, during the late spring flood (1500 m
3
 s

-1
 at Poses, the Seine river outlet), pCO2 

averages increased in all the land uses (3100, 3200, 5900, 8400 ppm for croplands, forests, 

grasslands and wetlands, respectively) (Fig. 1-3a).  

In the groundwater, pCO2 averaged 27,000 ppm at a yearly scale, but reached up to 65,000 

ppm (summer/autumn 2016), i.e., a factor of 5 to 10 compared to surface waters. 

 

Fig. 1-3 Boxplots of pCO2 assembled as function of the land uses and seasons investigated. The lower, 

intermediate and upper parts of the boxes represent respectively the 25th, 50th and 75th percentiles and the 

empty circles represent the outlier values. (a) pCO2 measured in stream waters (order 1 to 4) draining wetlands, 

grasslands, forests and croplands during the 2016 and 2017 field campaigns (hydro-climatic conditions are listed 

in Table 1-1). (b) pCO2 calculated from existing bi-monthly pH, total alkalinity and water temperature data at 

the outlet of the Seine River (Poses station) from 2013 to 2015 and aggregated by the four seasons of interest 

(see Materials and Methods, pCO2 calculations) (Data source: AESN). 

  



Part I |Carbon dioxide in the Seine aquatic continuum: observations and modelling 

50 

According to the k600 equation selected (see Materials and methods, equations 1-3), gas 

transfer velocity (k-values) was estimated from the slopes. Slope was higher for small streams 

(0.006 m m
-1

) than larger rivers (0.0004 m m
-1

) (Fig. 1-4a). Seasonal variations in water 

temperature increased from winter to summer/autumn (Fig. 1-4b), and velocities decreased 

from winter to summer/autumn (Fig. 1-4c). The resulting k-values ranged from 0.08 to 0.24 m 

h
-1 

with a decrease from small streams (k annual average = 0.19 m h
-1

) to larger rivers (k 

annual average = 0.09 m h
-1

) (Fig. 1-4d).  

 

Fig. 1-4 Comparison of the physical characteristics of small streams (orders 1 to 4) and of the main stream 

(orders 5 to 7) of the Seine River, averaged by season (excluding spring flood measurements): (a) slopes of the 

streams or rivers; (b) water temperatures; (c) water velocities; (d) gas transfer velocities; (a-d) Whiskers 

represent standard deviations; (e) boxplots of CO2 emissions assembled according to land uses. The lower, 

intermediate and upper parts of the boxes represent respectively the 25th, 50th and 75th percentiles and circles 

represent the outlier values 

Using equation (2), the higher slopes found in small streams led to higher k-values (Fig. 1-4a 

and 4d). Additionally, in the small streams in the Seine River basin, the water velocity effect 

prevails over the seasonal k dynamics, while control by water temperature is greater in higher 

stream orders (Fig. 1-4b, 4c and 4d). During the spring flood event, the increase in the water 

discharge (and velocity) led to a greater increase in k in small streams than in larger rivers, 
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respectively + 26% (spring flood: 0.24 m h
-1

) and + 11% (spring flood: 0.10 m h
-1

)
 
compared 

to average spring k-values (small streams: 0.19 m h
-1

, larger rivers: 0.09 m h
-1

).  

CO2 fluxes at the water-atmosphere interface (Fig. 1-4e) were estimated using the pCO2 

measurements we made during our field campaigns (Fig. 1-3), CO2 saturation values that 

depend on water temperatures (see Table 1-1), atmospheric pCO2, and k-values estimations 

(Fig. 1-4d). The same seasonal pattern was observed for pCO2 and CO2 fluxes.  

Long-term pCO2 variability (1970–2015)  

Long-term analysis of French water authority (AESN) databases showed supersaturation of 

CO2 of the Seine River dating back to 1970 (98.5% data suggested supersaturation with 

respect to atmospheric equilibrium – pCO2 median = 3030 ppm; mean = 4765 ppm). From 

that period on, the Seine River has been a source of CO2 to the atmosphere even when 

frequent phytoplankton blooms occurred before wastewater treatment was improved. 

However, focusing on the bloom events (Chl. a > 50µg l
-1

, Fig. 1-5), we observed the opposite 

pattern between Chl. a and pCO2 dynamics, with depletion of pCO2 concomitantly with peaks 

of phytoplankton. This consumption of CO2 was not sufficient to cause undersaturation of 

CO2 in the river (Fig. 1-5). 

 

Fig. 1-5 Calculated pCO2 dynamics during bloom events (Chl. a > 50 µg l-1) since the 1990s at the outlet of the 

Seine River, Poses (Data source: AESN) 

When we compared the two contrasted periods with respect to water sanitation and associated 

organic carbon releases, we found a similar range of temperature and discharge values and a 

seasonal pattern typical of temperate oceanic hydro-climatology regimes, i.e., high 

temperatures and low water in summer/autumn. The first of these two periods was however 

slightly drier than the second (on average 400 m3 s-1 vs. 545 m3 s-1, respectively) with no 
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notable change in temperature (averaging 13.9°C vs. 14.2°C, respectively. We observed that 

pCO2 computed at both 10°C and at water temperature were similar during winter but values 

at 10°C were slightly lower than at water temperature during summer (Fig. 1-6). However, 

general trends of pCO2 did not change. 

In contrast, pCO2 was reduced by a factor of 2.7 between the two periods (average 8,250 ppm 

for the period 1989–1991 versus 3020 ppm for the period 2013–2015). These weak hydro-

climatologic changes cannot explain the marked decrease in pCO2 at the river outlet between 

the two periods. We found no relationship between pCO2 and discharge at this time scale, 

despite a clear antiparallel trend for these two variables (Fig. 1-6). 

 

Fig. 1-6 Seasonal variations in calculated pCO2 at the water temperaturer (pCO2) and at 10°C (pCO2@10°C) 

values compared with variations in water discharge and temperature values (at Poses) for the two periods: 1989–

1991 (atmospheric pCO2 = 354 ppm) and 2013–2015 (atmospheric pCO2 = 399 ppm) 

To further explore the recent decrease in pCO2, we assessed spatial variations in pCO2 at the 

scale of the whole Seine drainage network (Fig. 1-7). Although fewer measurements were 

available in the earlier period (1989–1991), the decrease in pCO2 between the two periods 

was obvious along the lower reach of the main stream of the Seine River, downstream of the 

Paris conurbation. In the recent period, the pCO2 of both the upstream parts of the drainage 
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network and the main stream of the Seine River appear to be equally supersaturated (p > 0.05, 

Kruskal-Wallis tests, Fig. 1-7). 

 

Fig. 1-7 Spatial variations in calculated pCO2 averaged over the two periods 1989–1991 (with high organic 

pollution) and 2013–2015 (after wastewater treatment had been improved). Values are represented for Strahler 

orders superiors to 2 (Data source: AESN) 

Since the 1970s, upstream of the discharge of treated effluent from the SAV WWTP, the 

long-term trend of pCO2 values in Paris has varied around 5000 ppm (Fig. 1-8a). A few 

kilometers downstream, at the outlet of the Seine River at Poses (strongly influenced by 

Parisian wastewater discharges) pCO2 progressively increased to reach a maximum of 12,000 

ppm in the 1990s, and then slowly decreased to present values of 3000–4000 ppm (Fig. 1-8a). 

This decrease in pCO2 was concomitant with changes in the fluxes of biodegradable total 

organic carbon (BTOC) discharged by the WWTPs of the Parisian conurbation managed and 

operated by the Greater Paris sanitation authority (French acronym SIAAP) after treatment 

(Fig. 1-8a). From the 1990s to 2015, the BTOC load decreased by 80% (from 13.8 to 2.8 kt 

BTOC yr-1) following the construction (on the SAV WWTP site) of a new WWTP in 1991 

and of three new waste water treatment plants between 2005 and 2008, conjointly with 

improvement in treatment at existing plants. A positive linear relationship (R2 = 0.52, n = 29, 

p < 0.05) was found between annual pCO2 at the outlet of the Seine River (Poses) and BTOC 

fluxes from the SAV WWTP (Fig. 1-8b).  
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Fig. 1-8 (a) Long-term variations in calculated pCO2 from 1970 to 2015 at two sites on the lower Seine River: at 

the entrance to Paris (blue curve) and at the river outlet at Poses downstream of the main WWTP Seine-Aval 

(black curve), the associated shaded areas represent the 95% confidence intervals (Data source: AESN). The red 

dashed curve represents the biodegradable total organic carbon fluxes (BTOC) discharged from the main SAV 

WWTP into the Seine River. BTOC was estimated from the relationship BTOC = 0.35 BDO (R² = 0.91, n = 23) 

established by Servais et al. (1999) which converts biological demand in oxygen (BDO, provided in Rocher and 

Azimi, 2017) into BTOC; (b) Relationships between calculated pCO2 at Poses and BTOC from the main SAV 

WWTP. 

1.3.4. pCO2 environmental controls 

We found a positive linear relationship between pCO2 and DOC (R2 = 0.56, n = 119) (Fig. 

1-9a). DOC measured in grasslands (DOC average: 10.3 mg L
-1

; SD: 5.8 mg L
-1

) and 

wetlands (DOC average: 21.0 mg L
-1

; SD: 14.6 mg L
-1

) showed wider and higher ranges of 

concentration compared to arable lands (DOC average: 3.8 mg L
-1

; SD: 2.7 mg L
-1

) (Fig. 

1-9a). Generally, the ranges of DOC and pCO2 were lower in winter and higher in 

summer/autumn and during the spring flood. No relationship was found between pCO2 and 

DIC or nutrients (Fig. 1-9b, see supplementary materialAnnex 1-2Annex 1-2). The highest 

pCO2 and the lowest oxygen concentrations were measured in anoxic wetlands, whereas the 

opposite was found in the Marne River reservoir, and overall, a negative relationship between 

pCO2 and dissolved oxygen was observed for all land uses (R
2 

= 0.22, n = 120, p < 0.05, Fig. 

1-9c). We also found a positive relationship between pCO2 concentrations and Chl. a 

concentrations (R
2 

= 0.26, n = 113, p < 0.05, Fig. 1-9d). 
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Fig. 1-9 Relationships between measured pCO2 and surface water quality variables according to the different 

land uses sampled during the field campaigns: streams draining forests, wetlands, arable lands, grasslands, mixed 

in the main stream when no dominant land use could be identified, and the Marne reservoir. (a) pCO2 vs. 

dissolved organic carbon (DOC); (b) pCO2 vs. dissolved inorganic carbon (DIC); (c) pCO2 vs. dissolved oxygen 

(O2); and (d) pCO2 vs. chlorophyll a (Chl. a) 

Interestingly, pCO2 values measured during the field campaigns in the Marne reservoir 

showed CO2 undersaturation with respect to the atmospheric equilibrium, averaging 360 ppm 

in the reservoir and 413 ppm in the air; slight supersaturation (457 ppm (reservoir) and 402 

ppm (air)) was only observed in the late summer/autumn samples. Chl. a concentrations in the 

reservoir were low (mean: 2.6 µg l
-1

) and DOC level was around 3.2 mgC l
-1

, i.e., with no sign 

of eutrophication (Fig. 1-9a and 9d).  
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1.4. Discussion 

1.4.1. pCO2 supersaturation of the Seine hydrosystem 

Since the 1970s, the whole drainage network of the Seine basin has been supersaturated in 

pCO2 with respect to the atmospheric equilibrium. Supersaturation was observed for 98.5% of 

computed pCO2 as well as for the direct field measurements. These results are in agreement 

with those obtained in the lower reaches of other temperate rivers. In comparison to the mean 

of 3000 ppm at the outlet of the Seine basin, average pCO2 in the Meuse River (Belgium) on 

the period 2011-2014 was found equaling 2004±912 ppm and all samples were also 

supersaturated in CO2 (min. 971 ppm)
 
(Borges et al., 2018). Such variations can be found 

within the Scheldt River estuary (Belgium) and measurements in five of its tributaries 

(Dender: 8300 ppm, Zenne: 5700 ppm, Dijle: 7252 ppm and Nete River: 6700 ppm, and an 

average of 9500 ppm for the lower Scheldt)
 
(Abril et al., 2000). Other Rivers as the Leyre 

(France) showed the same range of values (average: 4429 ppm, min.: 901 ppm max.: 23,047 

ppm)
 
(Abril et al., 2015). At the global scale, pCO2 in streams and rivers have been averaged 

at 1600 ppm in a range of 132 to 11,770 ppm (Raymond et al., 2013a). The wide range of 

pCO2 values in rivers were already mentioned with variations from 10 to 100 times the 

saturation value (Neal et al., 1998).  

Conversely, we measured undersaturation in the Marne reservoir with pCO2 below or near 

atmospheric equilibrium, in agreement with the results reported by Crawford et al.(Crawford 

et al., 2016) for river basins containing dam reservoirs. Riverine reservoirs have a higher 

residence time than the river itself, leading to particle sedimentation and a decrease in 

turbidity, conditions that favor primary production, i.e., consumption of CO2 and production 

of oxygen. During our field campaigns, we did not observe eutrophication conditions (Fig. 

1-9) or relationships between pCO2 and nutrients (see supplementary material Annex 1-2). 

Without eutrophication of the reservoir, the biomass produced does not form an organic load 

that would – paradoxically – consume O2 and release CO2 (Garnier et al., 2000).  

pCO2 is known to be affected by metabolic processes related to nutrient availability(Halbedel 

and Koschorreck, 2013). In the Seine River, we could have expected a relationship with 

ammonium (NH4
+
) as activated sludge treatment releases dissolved organic carbon and high 

ammonium load (Aissa-Grouz et al., 2015). However, no direct relationship was found with 
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NH4 or other nutrients, which shows the complexity of the controls on pCO2 mentioned 

below. 

Because the main stream of the Seine River was known for its phytoplankton blooms before 

domestic wastewater was efficiently treated (Aissa-Grouz et al., 2015, 2016), we analyzed 

bloom events (Fig. 1-5) to try and identify possible short periods of undersaturation. Despite 

the fact we found evidence for the opposite pattern between phytoplankton (Chl. a) and pCO2 

for phytoplankton blooms above 50 µg Chl. a l
-1

, the Seine River waters remained 

supersaturated.  

This result supports the assumption that other environmental variables actively control pCO2 

in the Seine River.  

1.4.2. Hydro-climatic controls on pCO2 

As shown in Fig. 1-6, seasonal pCO2 concentrations (in the long term) varied in parallel with 

temperature (i.e., with the highest values in summer/autumn) and opposite to hydrology. Such 

dynamics are typical for the temperate oceanic regime of the Seine River, with high discharge 

in winter and low discharge in summer/autumn (Ducharne, 2008).  

Hydro-climatic effects resulted from a combination of water temperature and hydrology 

leading to a seasonal increase in pCO2 and CO2 evasion fluxes (fCO2) from winter to 

summer/autumn (Borges et al., 2018; Butman and Raymond, 2011). Indeed, the hypothesis of 

control by water temperature is strengthened by the results of the field campaigns for different 

land uses with increasing pCO2 according to the season (pCO2 in winter < spring < 

summer/autumn), which can be interpreted as an enhancement of DOC mineralization 

whatever the land use. However calculating pCO2 at 10°C, revealed that temperature effect on 

solubility is rather low. In addition, long term seasonal variations in pCO2 suggest possible 

control by hydrological regimes (high pCO2 in low flow periods). In fact, both water 

temperature and hydrological regimes (water velocity) contributed to the variations in the gas 

transfer velocity (k-values), and the associated fCO2. Moreover, for both k-values and fCO2 

we demonstrated opposite seasonal patterns in the upstream and downstream parts of the 

Seine River system, differences that could be more attributed to water velocities in small 

streams and water temperatures in higher stream orders (see equation 4, Fig. 1-4b, 4c, and 

4d). Higher k-values upstream, caused by higher turbulence, logically led to important CO2 

outgassing compared to the lower k-values of the lower Seine River, down to its outlet.  
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The highest pCO2 values were measured during the exceptional flood when groundwater 

overflows may have reinforced pCO2 in the surface water. These high in-stream pCO2 levels 

were found concomitantly with high k-values (10–55% higher than levels measured in small 

streams in the other seasons) and would be expected to enhance CO2 evasion from rivers to 

the atmosphere. Similar effects of hydro-climatic conditions have also been observed in the 

tropics, e.g., in a large Amazonian river with a 20% higher outgassing of CO2 during extreme 

flood years than in other years (Almeida et al., 2017), and in the Zambezi River, with pCO2 

up to twofold higher during the wet season (Teodoru et al., 2015). Polsenaere and Abril, 

(2012) compared two French streams and one river and observed that the stream with the 

highest concentration of CO2 also had the highest CO2 degassing flux. 

Several authors have already suggested that climate change may alter the frequency and 

amplitude of flood events in the Seine River basin, with more extreme hydrological 

conditions (Raimonet et al., 2018; Ducharne and Ledoux, 2003;
 
Habets et al., 2013), so that 

pCO2 and CO2 evasion could increase in the future. 

1.4.3. Control of pCO2 by the soil organic carbon stock 

Analyzing in-stream pCO2 measured in the various upstream land uses as a function of DOC 

underlined the importance of soil organic carbon stocks as a controlling factor. pCO2 and 

DOC were higher in streams draining wetlands and grasslands compared to those draining 

forests and croplands (Fig. 1-3 and Fig. 1-9a). According to Arrouays et al. (2001), the 

organic carbon stocks in croplands are less than 4.5 kg C m
-2

, but reach nearly 7.0 kgC m
-2

 in 

grasslands and forests and around 9.0 kgC m
-2

 in wetlands. These values are consistent with 

the higher carbon sequestration rate of grasslands and wetlands: 104 −
+ 73 gC m

2
 year

-1
 on 

average in Europe (Soussana et al., 2007). Thus, differences in pCO2 according to land use 

here can be explained by the drainage of different organic soils and subsequent POC and 

DOC mineralization depending on water circulation and temperature. This result is clearly 

illustrated by the flood event flushes during the growing season when DOC (spring flood 

DOC median: 11.44 mgC l
-1

) and pCO2 (spring flood median: 3297 ppm) reached their 

highest values.  

In addition to the carbon leached from riparian zones and sediments, organic carbon can be 

leached from soils where spring biological activity had already built up a large quantity of 

biomass that is potentially subject to mineralization.  
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Organic carbon quality has also been shown to influence pCO2 in streams in the North Central 

European plains in Germany and Poland (Bodmer et al., 2016), and Belgium (Borges et al., 

2018;
 
Lambert et al., 2017). The biodegradable fraction of DOC is usually around 25% in 

upstream waters but may decrease to 5% in winter, and may be 50% in treated effluents 

(Servais et al., 1998;
 
Garnier et al., unpublished data). This supports lower observed pCO2 in 

winter and higher values linked to WWTP effluents. Increasing biological mineralization of 

land-based organic matter (OM) in response to a rise in temperature (Ducharne et al., 2007) 

during the growing season, or increasing biodegradable DOC exports during high water or 

flood events (Huntington et al., 2016) appear to be two major driving factors of pCO2. 

DOC and pCO2 inputs originating from land runoff and/or aquifer base flow (i.e., diffuse 

sources), are added to inputs from wastewater effluents (i.e., point sources, as wastewaters 

treated in specific plants are well localized).  

1.4.4. Control of pCO2 by urban effluents: long term evidence 

Whereas hydro-climatic conditions and diffuse pCO2 and DOC inputs appeared to determine 

the seasonal variations in pCO2, long term changes in pCO2 observed over 1970–2015 

suggested control by point sources, which are known to dominate observed changes in the 

Seine River (Passy et al., 2013; Aissa-Grouz et al., 2016;
 
Aissa-Grouz et al., 2015;

 
Romero et 

al., 2016). Indeed, the long-term annual pCO2 values in the urbanized main stream of the 

Seine River strictly mirror variations in releases of urban OM by the largest WWTP of the 

Paris conurbation. Until 1990, the wastewater collection rate was intensified but wastewater 

treatment was not improved (Billen et al., 2001;
 
Barles, 2007). Later on, the OM from 

discharged effluent decreased, with a stepwise increase in the number of WWTPs within the 

Parisian conurbation (Billen et al., 2001b) and improved treatment processes, in response to 

both the Urban Wastewater Directive (1991/271/EC) and the Water Framework Directive 

(WFD, 2000/60/EC). In 2012, the technique changed from activated sludge to fully 

operational tertiary treatment (nitrification in 2007 followed by 70% denitrification in 

2012)
21

, and improved water quality in terms of organic pollution and nutrients. Subsequently, 

that helped in reducing pCO2 concentrations and enabled to recover acceptable levels of 

dissolved oxygen (Romero et al., 2016) downstream of major urban releases in the lower 

Seine an estuary. Because CO2 evasion pattern is likely to follow the pattern of pCO2 (see Fig. 

1-3 and Fig. 1-4), our results would support those reported by Prasad et al. (2013). Indeed, 

they compared the urbanized Anacostia waters to the lower Potomac waters flowing into the 
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Chesapeake Bay (U.S.A.), and showed similar effect of organic matter and nutrients from 

urbanized landscapes on CO2 evasion.  

Whatever the period studied during the last 45 years, point source organic pollution appeared 

to be the main determinant of pCO2 downstream of the treated effluents discharged into the 

lower Seine River. However, hydro-climatic conditions also influence pCO2. For example, 

with no significant seasonal variations in OM fluxes discharged as point sources, higher pCO2 

concentrations in summer are explained by a low OM dilution rate during low waters and high 

temperatures.  

1.4.5. Limits of the approach 

The measurements we took in 2016 and 2017 showed neutral or basic carbonate buffered 

waters and DOC average seasonal concentrations of 3.5 to 11.4 mgC l
-1

, excluding 

overestimation of calculated pCO2 linked to the contribution of organic acids to TA (Abril et 

al., 2015). Abril et al. (2015) also emphasized the importance of accurate pH measurements. 

We think that the variability we found when establishing the relationship between measured 

pCO2 and computed pCO2 (Fig. 1-2) could be linked to the accuracy of pH measurements. As 

a result, the long-term pCO2 analyses were subject to similar variability (see the 95% 

confidence intervals in Fig. 1-8a). Nevertheless, the amplitude of pCO2 variations over the 45 

years period enabled a robust analysis. 

The choice of computing k using one of the equations provided by Raymond et al. (2012a) 

could lead to bias. Indeed the equation was proposed based on measurements made on small 

streams (median depth, 0.28 m) and during low flow (median discharge, 0.54 m
3
 s

-1
). We took 

into account slope, water velocity -discharge divided by the wetted cross section- and water 

temperature, but not other physical or environmental factors causing turbulence in streams, 

e.g., water turbidity, bed frictions, the direction and the intensity of wind, and chemical or 

bio-films (Raymond et al., 2012a; Polsenaere and Abril, 2012). Although there is need for 

direct measurements of k in higher stream orders to reduce uncertainties in flux calculations, 

k-values calculated for the Seine River range between 0.08 m h
-1

 (in winter for the main stem) 

and 0.21 m h
-1

 (in winter for streams). k-values and patterns found for the Seine River are in 

agreement with k-values estimated for other large rivers (e.g., in New England, on the Upper 

Mississippi and the Upper Colorado Rivers, Raymond et al. (2012). Raymond et al. (2013a)
 

who averaged the k of the entire drainage network (mixing large rivers and streams) by 
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coastal segmentation and related catchment regions (COSCAT) (Meybeck et al., 2006) 

provided an annual k-value of 0.22 m h
-1 

for the region including the Seine River (COSCAT 

401), close to the ones we used for streams. As small streams (SOs 1-4) represent 91% of the 

surface area of the Seine drainage network (French water authorities, AESN), our k-values 

seem reasonable. In addition, main stems k-values calculated for the Seine basin are in the 

range of global estimations found by Raymond et al. (2013a) (median: 0.22 m h
-1

, min.: 0.07 

m h
-1

, max: 1.43 m h
-1

). 

At this stage, it is not possible to quantify the apportionment of pCO2 originating from 

carbonated groundwater from that resulting from carbon mineralization or WWTP inputs. The 

modelling approach in progress should provide quantitative insights and δ
13

C-DOC/POC 

analysis could also be useful to identify the different sources of pCO2 (Polsenaere and Abril, 

2012). 

1.5. Conclusions 

This study showed that since 1970, both small-order streams and urbanized downstream rivers 

in the Seine River basin have been supersaturated in CO2 and a source of CO2 to the 

atmosphere. CO2 supersaturation with respect to the atmospheric equilibrium appeared to be 

controlled differently in space (depending on land uses or on the location of the main WWTP 

effluent discharge) and over time (seasonal or interannual). CO2 supersaturation depended on 

complex interactions between land based and groundwater discharges (upstream diffuse 

sources), and urban pressures (downstream point sources) modulated by hydro-climatic 

factors. 

In the small streams of the drainage network, in sparsely populated zones, the highest pCO2 in 

summer was shown to originate from mineralization (increasing with water temperatures) of 

organic carbon from diffuse sources including in-stream bottom sediments, riparian and/or 

terrestrial soils varying according to land uses. Hydro-climatic variations, especially water 

velocity in small streams greatly affected gas transfer velocity, and helped determine in-

stream pCO2
 
(and evasion). During the exceptional flood event, high water discharges 

following a period of growth probably increased the DOC flushed from soils, leading to 

higher pCO2, especially in streams draining wetlands and grasslands. High pCO2 in streams 

may be also linked to high pCO2 of groundwaters that feed the surface water during low flow, 

and to the overflow of aquifers during floods, with particularly high pCO2. 
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Based on the 1970–2015 time series, point source organic pollution appeared to be the main 

driver of pCO2 in the lower Seine River, downstream of the main outlet of WWTP effluents, 

and whatever the period studied. pCO2 was highest in summer during low waters and high 

temperatures, and lower in winter when the discharged effluents were diluted. Despite the 

notable decrease in organic pollution following improvements in WWTPs since the 1990s, 

pCO2 has remained higher than atmospheric values, strongly suggesting the influence of 

carbonated groundwater.  

In the next step, a CO2 budget of the Seine drainage network will help (i) quantify the role 

played by temperate human-impacted rivers in the global carbon budget, and (ii) estimate the 

amount of pCO2 point sources vs. diffuse sources. The present study also points to the need 

for high frequency and more spatially resolved pCO2 values and direct measurements of k. In 

addition, to anticipate the impact of climate change with the expected extreme hydrological 

conditions, further research is needed to understand the interactions between the terrestrial 

(soils and their land-use), and aquatic (hydrosystems) (Rasilo et al., 2017), groundwater 

discharges) compartments of watersheds.  
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1.6. Annex 

1.6.1. Annex 1-1: Location of sampling stations used during the field 

campaigns in 2016-2017 

Table 1-2 : Location of sampling stations used during the field campaigns in 2016-2017. Measurements 

undertaken: carbon dioxide partial pressure, dissolved organic carbon, particular organic carbon, dissolved 

organic carbon, particular inorganic carbon, dissolved oxygen, total suspended solids, water temperature, pH, 

total alkalinity, silica, NH4
+
, NO3

-
, NO2

-
, PO4

-
, Ptot. 

Sampling 
stations 

Latitude 
(WGS 84) 

Longitude 
(WGS 84) 

Land uses Winter 
Spring 
flood 

Summer/ 
Automn 

Spring 

Melarchez N 48°52'05.5'' E 003°11'38.4" Agriculture 22/02/16 30/05/16 08/09/16 14/03/17 

Theil N 48°48'58.2'' E 003°06'43.3" Agriculture 22/02/16 30/05/16 08/09/16 14/03/17 

Avenelles N 48°49'44.5'' E 003°07'03.4" Agriculture 22/02/16 30/05/16 08/09/16 14/03/17 

Tresmes N 48°48'45.5'' E 002°59'31.3" Agriculture 22/02/16 30/05/16 08/09/16 14/03/17 

Ru Bourgogne N 48°50'13.26 E 003°06'35.84 Agriculture 08/03/16 31/05/2016 14/09/16 15/03/17 

Avenelles N 48°50'23.40 E 003°08'22.27 Agriculture 08/03/16 30/05/2016 14/09/16 15/03/17 

Forests 6 N 49°20'55.8" E 002°54'08.6" Forests 25/02/16 25/05/16 06/09/16 21/03/17 

Forests 5 N 49°21'37.8" E 002°52'52.6" Forests 25/02/16 25/05/16 06/09/16 21/03/17 

Forests 3 N 49°22'26.3" E 002°48'67.9" Forests 25/02/16 25/05/16 06/09/16 21/03/17 

Forests 2 N 49°22'33.4" E 002°48'40.9" Forests 25/02/16 25/05/16 06/09/16 21/03/17 

Forests 4 N 49°21'82.7" E 002°48'32.5" Forests 25/02/16 25/05/16 06/09/16 21/03/17 

Forests 1 N 49°22'26.7" E 002°47'41.0" Forests 25/02/16 25/05/16 06/09/16 21/03/17 

Grasslands 4 N 49°29'27.5" E 001°38'96.1" Grasslands 24/02/16 23/05/16 07/09/16 23/03/17 

Grasslands 2 N 49°32'10.6" E 001°34'54.4" Grasslands 24/02/16 23/05/16 07/09/16 23/03/17 

Grasslands 3 N 49°32'11.0" E 001°34'55.0" Grasslands 24/02/16 23/05/16 07/09/16 23/03/17 

Grasslands 6 N 49°30'31.3" E 001°40'14.0" Grasslands 24/02/16 23/05/16 07/09/16 23/03/17 

Grasslands 5 N 49°30'56.7" E 001°39'18.1" Grasslands 24/02/16 23/05/16 07/09/16 23/03/17 

Grasslands 1 N 49°32'10.4" E 001°34'40.3" Grasslands 24/02/16 23/05/16 07/09/16 23/03/17 

Der lake N 48°36'15.1" E 004°43'04.8" Lake NA 24/05/16 12/09/16 16/03/17 

St Maurice N 48°48'58.16" E 002°25'27.35" Mixed 22/02/16 30/05/16 12/09/16 14/03/17 

Choisy N 48°46'20.52 E 002°24'38.58" Mixed 22/02/16 30/05/16 08/09/16 14/03/17 

Bougival N 48°52'53.85" E 002°06'53.99" Mixed 23/02/16 26/05/16 13/09/16 22/03/17 

Conflans S. N 48°59'22.49" E 002°04'59.13" Mixed 23/02/16 26/05/16 13/09/16 22/03/17 

Porcheville  N 48°58'26.12" E 001°48'19.15" Mixed 23/02/16 26/05/16 13/09/16 22/03/17 

Conflans O. N 48°59'53.14" E 002°04'17.64" Mixed 23/02/16 26/05/16 13/09/16 22/03/17 

Matougues N 48°59'49.1"  E 004°14'29.8" Mixed NA 24/05/16 12/09/16 16/03/17 

Dormans N 49°04'31.3" E 003°38'10.3" Mixed NA 24/05/16 12/09/16 16/03/17 

St Maurice N 48°48'58.16" E 002°25'27.35" Mixed NA 24/05/16 12/09/16 16/03/17 

Arrigny N 48°37'19.6" E 004°42'03.5" Mixed NA 24/05/16 12/09/16 16/03/17 

Wetlands 1 N 49°22'27.7" E 002°47'430" Wetlands 10/03/16 25/05/16 06/09/16 21/03/17 

Wetlands 2 N 49°22'21.0" E 002°47'550" Wetlands 10/03/16 25/05/16 06/09/16 21/03/17 

Wetlands 5 N 49°21'44.6" E 002°49'742" Wetlands 10/03/16 25/05/16 06/09/16 21/03/17 

Wetlands 3 N 49°22'22.7" E 002°48'565" Wetlands 10/03/16 25/05/16 06/09/16 21/03/17 

Wetlands 4 N 49°21'12.9" E 002°48'742" Wetlands 10/03/16 25/05/16 06/09/16 21/03/17 

G.Piezo 1 N 48°50'25.60" E 003°06'14.76" Groundwater 08/03/2016 31/05/2016 14/09/2016 15/03/2017 

G.Piezo 2 N 48°50'20.60" E 003°06'22.75" Groundwater 08/03/2016 31/05/2016 14/09/2016 15/03/2017 

G.Piezo 4 N 48°50'12.12" E 003°06'32.58" Groundwater 08/03/2016 31/05/2016 14/09/2016 15/03/2017 

Ave. PZ1 N 48°50'23.48" E 003°08'22.23" Groundwater 08/03/2016 30/05/2016 14/09/2016 15/03/2017 

Ave. PZ2 N 48°50'08.01" E 003°08'43.03" Groundwater 08/03/2016 30/05/2016 14/09/2016 15/03/2017 

Ave. PZ3 N 48°49'47.38" E 003°09'25.15" Groundwater 08/03/2016 30/05/2016 14/09/2016 15/03/2017 
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1.6.2. Annex 1-2 : Direct pCO2 measured during the four field campaigns 

vs nutrients 

 

 

Fig. 1-10 Direct pCO2 measured during the four field campaigns vs nutrients: silica (Si), phosphate (PO4
- 
), total 

phosphorus (Ptot), ammonium (NH4
+
), nitrite (NO2

-
), and nitrate (NO3

-
). 
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Abstract 

Inland waters have been recognized as an active component of carbon cycle where 

transformations and transports are associated to carbon dioxide outgassing. We propose a 

modeling approach by formalizing an inorganic carbon module integrated in the 

biogeochemical model, pyNuts-Riverstrahler, to estimate the carbon fate in the aquatic 

continuum. Our approach was implemented on the human impacted Seine River (France), the 

diffuse and point sources constraints to the model being characterized by field measurements 

in groundwater and in wastewater treatment plants. Simulated carbon dioxide emissions from 

the hydrosystem were estimated at 362 Gg C yr
-1

. Simulations of dissolved inorganic carbon, 

total alkalinity, pH, and carbon dioxide (CO2) concentrations according to Strahler stream 

orders showed a good agreement with observations and seasonal variability could be captured. 

Metabolism in the Seine hydrographic network highlighted the importance of benthic 

activities in small head streams while planktonic activities were mainly observed downstream 

in larger rivers. The net ecosystem productivity remained negative throughout all the years 

and at any place within the river network, highlighting the heterotrophy of the basin. In 

parallel, CO2 supersaturation with respect to atmospheric concentrations of the basin was 

shown. The outgassing was the most important in small streams while CO2 concentrations 

peaks were simulated downstream the major wastewater treatment effluent. 

 

Highlights: 

 A module of inorganic carbon was added in the PyNut-Riverstrahler model  

 CO2 riverine concentrations are modulated by groundwater discharge and instream 

metabolism 

 CO2 emissions account for 30% of inorganic carbon exports, the rest being exported as 

DIC  
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2.1. Introduction 

Rivers have been demonstrated to be active pipes for transports, transformations, storage and 

outgassing of inorganic and organic carbon (Cole et al., 2007). Although there are large 

uncertainties on fluxes quantification from inland waters, carbon dioxide (CO2) outgassing 

has been estimated as a significant efflux to the atmosphere, subjected to regional variabilities 

(Cole et al., 2007; Battin et al., 2009b; Aufdenkampe et al., 2011; Lauerwald et al., 2015; 

Regnier et al., 2013;
 
Raymond et al., 2013a ; Sawakuchi et al., 2017; Drake et al., 2017). 

These variabilities are controlled by regional climate, watersheds characteristics and are 

related with terrestrial carbon exports under different forms, from organic to inorganic, and 

dissolved to particulate. Organic carbon entering rivers can originate from terrestrial 

ecosystems as plant detritus, soil-leaching or soil-erosion and groundwater supply, but it can 

also be synthesized instream by photosynthesis or brought by dust particles (Prairie and Cole, 

2009; Drake et al., 2017). Inorganic carbon sources originate from groundwater, soil leaching 

and exchange by diffusion at the air-water interface, depending on partial pressure of CO2 

(pCO2) at water surface with respect to atmospheric pCO2 (Cole et al., 2007; Drake et al., 

2017; Marx et al., 2018). Additional carbon exchanges, e.g., incorporation into biomineralized 

structures or resuspension, occur at the water-sediment interface and can be buried. 

Biogeochemical processes involved in the aquatic carbon cycle also depend on different 

temporal scales ranging from hours (e.g, photosynthesis), seasons (e.g. temperature) or be 

highly variable (nutrients loads) (Regnier et al., 2013a). As a whole, oligo and mesotrophic 

hydrosystems generally act as a source of carbon while surface of eutrophic systems can be 

undersaturated with respect to atmospheric pCO2 (Prairie and Cole, 2009). 

Direct measurements of pCO2 along the drainage network are still too scares to accurately 

support temporal and spatial analyses of CO2 variability. While calculations from pH, 

temperature and alkalinity may help to reconstruct spatio-temporal patterns of CO2 dynamics 

(Marescaux et al., 2018a) only modeling tools can predict the fate of carbon in whole aquatic 

systems. Indeed, modeling approaches have allowed to simulate and quantify carbon fluxes 

between different reservoirs: atmosphere, biosphere, hydrosphere and lithosphere (e.g., Bern-

SAR, Joos et al., 1996; ACC2, Tanaka et al., 2007; TOTEM, Mackenzie et al., 2011; 

MAGICC6, Meehl et al., 2007). In addition to these box-approaches, some more 

comprehensive mechanistic models, describing biogeochemical processes involved in carbon 

cycling and CO2 evasion, have been set up for oceans (e.g., Doney et al., 2004; Aumont et al., 
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2015), coastal waters (e.g., Borges et al., 2006; Gypens et al., 2004; 2009, 2011), and 

estuaries (e.g., Cai and Wang, 1998; Volta et al., 2014). In the inland waters, the NICE-BGC 

model (Nakayama, 2016) represents well CO2 evasion at the global scale based on CO2SYS 

software (Pierrot et al., 2006). However, to our knowledge, whereas several river models 

describe the carbon cycle through organic matter input and degradation by aquatic 

microorganisms (e.g., PEGASE: Smitz et al., 1997; ProSe: Vilmin et al., 2018, QUAL2Kw: 

Pelletier et al., 2006; QUAL-NET: Minaudo et al., 2018, QUASAR: Whitehead et al., 1997, 

and RiverStrahler: Garnier et al., 2018), none of them describe the inorganic carbon cycle 

including carbon dioxide outgassing.  

The biogeochemical model, Riverstrahler (Billen et al., 1994; Garnier et al., 1995) is a generic 

model of water quality and biogeochemical functioning of large river systems, taking into 

account dissolved and particulate organic carbon (DOC and POC), each form of carbon being 

separated into 3 classes of degradability: refractory, slowly or rapidly biodegradable (Servais 

et al. 1995,  Garnier et al., 2008a). The purpose of our study is the implementation of a 

generic module of inorganic carbon into the newly developed pyNuts modeling environment 

for the Riverstraher model that enables to couple watershed characteristics and the river 

network (pyNuts-Riverstrahler: Thieu et al., 2015; Raimonet et al., 2018; Desmit et al., 2018) 

in order to quantify the sources, transformations, sinks and gaseous emissions of carbon.  

The Seine River (north-west of France) has been studied for long using the Riverstrahler 

model. For example, the model has allowed to quantify deliveries to the coastal zone and 

understand eutrophication phenomena (Billen and Garnier, 2000; Billen et al., 2001; Passy et 

al., 2016), nitrogen transformation and N2O emissions (Garnier et al., 2007; Garnier et al., 

2009; Vilain et al., 2012) as well as retention (Billen and Garnier, 2000; Billen et al., 2018), 

and organic carbon metabolism (Garnier and Billen, 2007; Vilmin et al., 2016).  

It is only recently that we investigated pCO2 and emphasized the factors controlling pCO2 

dynamics in the Seine River (Marescaux et al., 2018a). A further aim in newly implementing 

this CO2 module in the pyNuts-Riverstrahler model on the Seine River was to quantify and 

discuss autotrophy versus heterotrophy patterns in regard to CO2 concentrations and 

supersaturation in the drainage network. Therefore, we built a representation of ecological 

processes involved in the inorganic carbon cycle.  
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2.2. Material and methods 

2.2.1. Description of the Seine basin 

Situated in the North-West of France within 0° 07’ – 4° 00’ E and 46° 57’ - 50° 01’ N, the 

Seine basin (~76 285 km²) has a temperate climate and a pluvio-oceanic hydrologic regime. 

The medium altitude of the basin is 150 m above sea level (ASL) with 1% of the basin 

reaching more than 550 m ASL in the Morvan (Guerrini et al., 1998). The annual water flow 

at Poses (stream order 7, basin area 64867 km²), the most downstream monitoring station free 

from tide influence, averaged 490 m
3 

s
-1

 in the period 2010–2013 (data provided by the 

HYDRO database, http://www.hydro.eaufrance.fr, last accessed 2018/11/05). The major 

tributaries include the Marne and upper Seine rivers upstream from Paris, and the Oise River 

downstream Paris Fig. 2-1c. Maximum of water discharge of these tributaries occurs during 

winter with the lowest temperature and rate of evapotranspiration; the opposite behavior is 

observed during summer (Guerrini et al., 1998). Three main reservoirs, storing water during 

winter and sustaining low-flow during summer, are located upstream on the Marne River and 

the upstream Seine and its Aube tributary. The total storage capacity of these reservoirs is 

800 10
6
 m

3 
(Garnier et al., 1999).  

 

Lithological and hydrogeological context 

Excepted the crystalline rocks in the North and from the highland of the Morvan (South), the 

Seine basin is in majority located in the lowland Parisian basin with sedimentary rocks 

(Mégnien, 1980, Pomerol and Feugueur, 1986; Guerrini et al., 1998). It is characterized by 

concentric sedimentary structure dominated, from external to internal circular arcs, 

successively by limestone and marl from Jurassic, chalk from Cretaceous, and at the periphery 

of the basin, carbonates, Tertiary limestone and sand (Fig. 2-1a). The main tributaries flow 

across these concentric structures resulting in relatively homogeneous lithology within the 

main sub-basins.  

Concerning the hydrogeology, the most important aquifers are in carbonate rocks (limestone, 

chalk…) or detrital (sand and sandstone) material separated by impermeable or less 

permeable layers. In the literature, ten simple or multilayer aquifers were described for the 

Seine basin. The most superficial unconfined aquifer (from soil to tens of meters deep) feeds 

http://www.hydro.eaufrance.fr/
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the river during summer and the opposite behavior is observed during winter (AESN, 1978). 

Riverine alluvium (sand, gravels, clay) from Quaternary constitutes an eleventh aquifer. 

Although thin (less than 10 m), its connectivity with the river and superficial aquifer makes it 

a very productive aquifer. In the Parisian basin, complex unconfined aquifers are mainly from 

Quaternary alluvium, from Tertiary Beauce limestone and Fontainebleau sand, as well as 

Jurassic chalk or karstic limestone outcrops (Guerrini et al., 1998; Flipo et al., 2016) 

Morphology by Strahler stream order 

The homogeneity in hydrology and lithology described above made the Strahler stream order 

(SO) approach (Strahler, 1957) interesting for describing the main morphological 

characteristics of the Seine basin, a basic concept adopted in the Riverstrahler modeling 

approach (Billen et al., 1994). The smaller perennial streams are order 1. Only confluences 

between two river stretches having the same SO produce an increase in Strahler ordination 

(SO+1) (Fig. 2-1c). Mean hydro-physical characteristics of the Seine River are aggregated by 

stream orders in Table 2-1. The hydrographic network and the slopes (S, m m
-1

) were 

provided by the Agence de l'Eau Seine Normandie (French acronym AESN, http://www.eau-

seine-normandie.fr/, last accessed 2018/11/05); water discharges by the national Banque 

Hydro database (http://www.hydro.eaufrance.fr/, last accessed 2018/11/05); mean width (W, 

m) is assumed to follow empirical relationship with upstream watershed area (WSA, km
2
)  

(see Eq. 1; Billen et al., 1994): 

W =  0.8 WSA
1
2 Eq. 1 

mean depth (D, m) is related to the slope (S, m m
-1

) and water flow (Q, m
3
 s

-1
) by the 

relationship derived from Manning’s formula:. (see Eq. (2), Billen et al., 1994): 

D = [0.045Q(W(S1/2))-1]3/5 Eq. 2 

The width, depth, water flow, and water velocity increase by order while the draining surface area, the cumulated 

length of the stream/river (cum. length), and the slopes decrease with the order (Table 2-1). 

 

  

http://www.eau-seine-normandie.fr/
http://www.eau-seine-normandie.fr/
http://www.hydro.eaufrance.fr/
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Table 2-1 Mean characteristics of the Seine River watershed by Strahler stream order.  

SO 
number 

streams 

draining 

area 

cum. 

length 
Width depth Slope 

water 

flow 

water 

velocity 

    km
2
 km m m m m

-1
 m

3
 s

-1
 m s

-1
 

1 2643 30,097 10,688 2.42 0.14 0.00952 0.15 0.34 

2 603 10,635 4488 5.12 0.29 0.00345 0.67 0.36 

3 148 7798 2936 8.30 0.44 0.00224 2.04 0.46 

4 47 6690 1792 22.15 0.79 0.00177 6.13 0.32 

5 13 8627 1044 45.01 1.10 0.00103 24.89 0.45 

6 4 7864 636 77.69 2.51 0.00100 82.22 0.42 

7 1 4573 467 186.18 2.61 0.00101 416.20 0.81 

Landuse  

The land use is closely related to the lithology and the morphology of the Seine River basin. 

Indeed, in the crystalline Morvan, forest and grassland are dominant while open-fields on 

chalk have allowed intensive agriculture (more than 50% of the basin, CLC - EEA, 2012) 

(Fig. 2-1b). In the east limestone area, grassland and forest prevail. Finally urban areas have 

grown along the lower Seine River and mainly downstream from the confluence with the 

Marne River, that enabled the water supply of the Parisian population and trade exchanges by 

navigation (Guerrini et al., 1998).  

Population and wastewater treatment plants 

The Seine basin is densely populated (~ 230 inhabitants km
-2

). Population is mostly 

concentrated in the Paris conurbation (12.4 million inhab. in 2015) (INSEE, 2015) (Fig. 2-1d). 

As a result of this high population density, 1900 wastewater treatment plans (WWTPs) are 

spread throughout the basin; among those 20 have a treatment capacity above 100,000 Eq. 

Inhab (AESN). Located 70 km downstream Paris, the largest wastewater treatment plan in 

Europe (Seine Aval, SAV WWTP) can treat up to 6 10
6
 inhabitant equivalents par day, 

releasing 15.4 m
3
 s

-1 
in the lower Seine River (Syndicat interdépartemental pour 

l’assainissement de l’agglomération parisienne - French acronym SIAAP, 

http://www.siaap.fr/, last accessed 2018/11/05).  

http://www.siaap.fr/


Part I |Carbon dioxide in the Seine aquatic continuum: observations and modelling 

74 

 

Fig. 2-1 Characteristics of the Seine basin: a) the lithology according to Albinet, (1967). b) Drainage network 

according to Strahler stream orders (Strahler, 1952, 1957) Monitoring stations (I. Poses, II. Poissy (Downstream 

Paris), III. Paris, IV. Ferté-sous-Jouarre (Upstream Paris). c) The land use according to Corine Land Cover, with 

6 simplified classes (EEA, 2012). d) Wastewater treatment plants of the basin. Red dots are the WWTPs sampled 

in 2018. 
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2.2.2. The pyNuts-Riverstrahler model and its biogeochemical model, 

RIVE 

The core of the biogeochemical calculation of the pyNuts-Riverstrahler model (described here 

after) is formed by the RIVE model (among many others: Billen et al. 1994, Garnier et al. 

1995,  Garnier et al., 2002; Servais et al., 2007) (https://www.fire.upmc.fr/rive/) which aims at 

simulating concentrations of oxygen, nutrients cycling (nitrogen (N), phosphorus (P), and 

silica (Si)), particulate suspended matter, dissolved and particulate organic carbon (three 

classes of biodegradability). Biological compartments are represented by 3 taxonomic classes 

of phytoplankton (diatoms, Chlorophyceae, and cyanobacteria), 2 types of zooplankton 

(rotifers with short generation time and microcrustaceans with long generation time), 2 types 

of heterotrophic bacteria (small autochthonous and large allochthonous) as well as nitrifying 

bacteria (ammonium oxidizing bacteria and nitrite oxidizing bacteria). 

The model also describes processes (erosion, organic matter degradation, denitrification etc.) 

occurring at the interface with the benthic sediment, this later having its own variables state 

variables (benthic organic matter, inorganic particulate P, benthic biogenic Si). A detailed list 

of the state variables of the RIVE model is provided in annex 1. Most of the kinetic 

parameters involved in this description have been determined through field or laboratory 

experiments under controlled conditions and are fixed a priori, needing calibration procedures 

within the range of their determination (see the detail of the kinetics and parameters in Annex 

2-2). Up to now, there was no explicit representation of inorganic carbon in the RIVE model. 

PyNuts is a modeling environment which enable to calculate the constraints (diffuse and point 

sources) to Riverstrahler at a multi-watersheds scale (Thieu et al., 2015; Raimonet et al., 

2018; Desmit et al., 2018). PyNuts-Rivertrahler is thus a generic model of water quality and 

biogeochemical functioning of large drainage networks, that simulates water quality with 

RIVE within entire drainage networks. 

In PyNuts-Riverstrahler, modeling units can be described as a set of river axis with a spatial 

resolution of 1 km (axis-object), or they can be aggregated to form upstream basins that are 

idealized as a regular scheme of tributary confluences where each stream order is described 

by mean characteristics (stream-order-object). Here, the Seine basin was decomposed into 80 

modeling units, including 8 axis (axis-object) and 72 upstream basins (stream-order-object) 

(Annex 2-3). Thus, the new implementation of the inorganic carbon module required to define 

https://www.fire.upmc.fr/rive/
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diffuse source of total alkalinity and disssolved inorganic carbon (see part: Documenting input 

constraints of the pyNuts-Riverstrahler model). 

Runoffs were calculated over the whole Seine basin using water discharges measurements at 

48 gauged stations (source: Banque Hydro). Surface and base flow contributions were 

estimated applying BFLOW automatic hydrograph separation method (Arnold and Allen, 

1999) over the recent time series of water discharges (2010-2017). For the study period 

(2010-2013), mean base flow index (BFI = 0.71) of the Seine Basin indicates the importance 

of groundwater contribution to river discharge, with spatial heterogeneity following the main 

lithological structures, but not significant differences when summarizing the BFI criteria by 

strahler order.  

2.2.3.  Development of an inorganic carbon module 

A module on the carbonate system and CO2 flux was newly implemented into the 

biogeochemical RIVE model. This inorganic carbon module was based on the module 

described by N. Gypens and A.V. Borges (2006, personal communication), modified from the 

one used in the MIRO biogeochemical model for coastal waters of the Southern Bight of the 

North Sea (Hannon et al., 2001, Gypens et al., 2004). It calculates pCO2 concentrations in the 

water and the flux of CO2 exchange between the river network and the atmosphere. It also 

interacts with other biogeochemical processes (e.g., respiration, denitrification, nitrification) 

and groups (e.g., bacteria, zooplankton, phytoplankton) described in the RIVE model.  

Introducing the carbonate system 

This module represented in Fig. 2-2, aims at computing the speciation of the carbonate system 

which introduces two new state variables: dissolved inorganic carbon (DIC), total alkalinity 

(TA), and a third variable derived from them: carbon dioxide (CO2). The module implies four 

equations (see  Annex 2-4 - Eq. 1, 2, 3) that also enable to calculate bicarbonate (HCO3
-
), 

carbonate (CO3
2-

), hydronium (H3O
+
). Indeed, two variables of the carbonate system have to 

be known, in order to calculate all other components (Zeebe and Wolf-Gladrow, 2001). In our 

case, it appears that the quality of the pH (-log10[H3O
+
]) measurements is highly dependent on 

the equipment and to avoid this bias, that may overestimate CO2 (Abril et al., 2015), we 

calculated pH as a function of total alkalinity and dissolved inorganic carbon using the 

Culberson’s equation (Culberson, 1980). 
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Fig. 2-2 Schematic representation of the ecological RIVE (inspired from Billen et al. 1994, Garnier & Billen, 

1994), with grey lines indicating the main processes simulated in the water column and at the interface with the 

sediment (oxygen not shown), and the implementation of the new inorganic module, based on TA (maroon) and 

DIC (blue) lines.   

Aquatic processes affecting TA and DIC 

Dissolved or particulate organic matters are mostly degraded by microbial activities (more or 

less quickly according to their biodegradability), resulting in CO2 production (Servais et al. 

1995), and thus inducing a change in DIC concentrations in the water column (see Fig. 2-2). 

The exchange of CO2 between the water surface and the atmosphere increase or decrease 

DIC, depending on the gas transfer velocity (k-value) and CO2 gradient concentrations at the 

water surface – atmosphere interface (Table 2-2,  Annex 2-4.5). Photosynthesis and 

denitrification processes affect DIC and TA (Table 2-2), while instream nitrification only 

influences TA (Fig. 2-2). 
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Table 2-2 Stoichiometry of the biogeochemical processes, influencing dissolved inorganic carbon and total 

alkalinity in freshwaters taken into account in the new inorganic carbon module. 

State equations and parameters of the inorganic carbon module 

These processes affecting TA and DIC result in equations governing inorganic carbon 

dynamic as: 

𝑇𝐴 =  𝑇𝐴𝑡−1 +  𝑑𝑡.  
𝑑𝑇𝐴

𝑑𝑡
+ TAinputs 

[9] 

and, 

𝑑𝑇𝐴

𝑑𝑡
= ((𝐷𝑒𝑛𝑖𝑡 − 2. 𝑛𝑖𝑡𝑟[‘𝐴𝑂𝐵’]).  𝑀(𝑁)−1 + (

17

106
 
𝑢𝑝𝑡𝑃ℎ𝑦𝑁𝑂3

−

𝑢𝑝𝑡𝑃ℎ𝑦𝑁
 

−
 15

106
 
𝑢𝑝𝑡𝑃ℎ𝑦𝑁𝐻4

+

𝑢𝑝𝑡𝑃ℎ𝑦𝑁
). 𝑝ℎ𝑜𝑡 . 𝑀(𝑂2)−1)1000 

[10] 

where, 

𝑇𝐴𝑡−1 is the value of total alkalinity (µmol L
-1

) at the previous time step (t-1). 𝐷𝑒𝑛𝑖𝑡 and 

𝑛𝑖𝑡𝑟[‘𝐴𝑂𝐵’] are respectively the denitrification, and nitrification by ammonia-oxidizing 

Process Equation DIC TA Eq. 

 

FCO2 

 

𝐶𝑂2(𝑎𝑞) ↔ 𝐶𝑂2(𝑔) 

 
±1 0 3 

Aerobic 

degradation 

 

C106H263O11N16P +  106𝑂2

→ 92𝐶𝑂2  +  14𝐻𝐶𝑂3
−  + 16𝑁𝐻4

+  + 𝐻𝑃𝑂4
2−  

+  92𝐻2𝑂 

 

+1 0 4 

Photosynthesis 

(NO3
-
 uptake) 

 

106𝐶𝑂2 +  16𝑁𝑂3
−  +  𝐻2𝑃𝑂4

−  +  122𝐻2𝑂 +  17𝐻+

→  𝐶106𝐻263𝑂11𝑁16𝑃 +  138𝑂2 

 

 

-1 +17/106 5 

Photosynthesis 

(NH4
+

 uptake) 

 

106𝐶𝑂2 +  16𝑁𝐻4
+  +  𝐻2𝑃𝑂4

−  +  106𝐻2𝑂

→  𝐶106𝐻263𝑂11𝑁16𝑃 +  106𝑂2 + 15𝐻+ 

 

 

-1 -15/106 6 

Denitrification 5𝐶𝐻2𝑂 + 4𝑁𝑂3
− +  4𝐻+ →  5𝐶𝑂2  +  2𝑁2 + 7𝐻2𝑂 +1 +1 7 

Nitrification 𝑁𝐻4
+ + 2 → 2𝐻+  +  𝐻2𝑂 +  𝑁𝑂3

− 0 -2 8 
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bacteria (AOB) processes as implemented in the RIVE model (mgN L
-1

 h
-1

); 𝑀(𝑁) is the 

molar mass of the nitrogen (14 g mol
-1

); 𝑀(𝑂2) is the molar mass of the dioxygen (32 g mol
-

1
). TAinputs is TA (µmol L

-1
) sources entering in the water column by diffuse sources 

(groundwater and subsurface discharges) and point sources (WTTPs). 

𝐷𝐼𝐶 = 𝐷𝐼𝐶𝑡−1 + 𝑑𝑡.  
𝑑𝐷𝐼𝐶

𝑑𝑡
+  DICinputs 

[11] 

and, 

𝑑𝐷𝐼𝐶

𝑑𝑡
= (𝑟𝑒𝑠𝑝𝑏𝑎𝑐𝑡 + 𝑟𝑒𝑠𝑝𝑍𝑜𝑜 + 𝑟𝑒𝑠𝑝𝐵𝑒𝑛𝑡) + 𝑑𝑒𝑛𝑖𝑡 . 𝑀(𝐶). 𝑀(𝑁)−1

+ 𝑝ℎ𝑜𝑡. 𝑀(𝐶). 𝑀(𝑂2)−1 +
𝐹𝐶𝑂2

𝑑𝑒𝑝𝑡ℎ
 

[12] 

where, 

𝐷𝐼𝐶𝑡−1 is the value of dissolved inorganic carbon (mgC L
-1

) at the previous time step (t-1). 

“𝑟𝑒𝑠𝑝𝑏𝑎𝑐𝑡”, “𝑟𝑒𝑠𝑝𝑍𝑜𝑜”, “respBent” are respectively the heterotrophic planktonic respiration 

of bacteria, zooplankton and benthic bacteria already implemented in RIVE (mgC L
-1

 h
-1

). 

“ 𝑝ℎ𝑜𝑡” is the net photosynthesis (mgO2 L
-1

 h
-1

) with differentiated nitrogen uptake (uptPhyN, 

mgN L
-1

 h
-1

) for nitrate (uptPhyNO3
-
, mgC L

-1
 h

-1
), and ammonium (uptPhyNH4

+
, mgC L

-1
 h

-

1
); FCO2 is the CO2 flux at the interface water-atmosphere in mgC m

-2
 h

-1
 described in  Annex 

2-4.5; depth is the water depth (m); 𝑀(𝐶) and 𝑀(𝑂2) are the molar masses of the carbon and 

oxygen (12 and 32 g mol
-1

, respectively).  

Because, the RIVE model is based on assumption of a perfect homogeneity of the water 

column and then, the flux of carbon at the water-atmosphere interface FCO2 impacts the water 

column in its entire depth.  

The full inorganic carbon module is described in  Annex 2-4, and the different constants and 

parameters used in the inorganic carbon module are introduced in  Annex 2-4.6. 

 



Part I |Carbon dioxide in the Seine aquatic continuum: observations and modelling 

80 

2.2.4. Documenting input constraints of the pyNuts-Riverstrahler model 

Diffuse sources from soil and groundwater 

Diffuse sources are taken into account by assigning a yearly mean concentration of carbon 

and nutrients respectively to subsurface and groundwater flow components. These 

concentrations are then combined with a 10 days’ time step description of surface and base 

flows to simulate the seasonal contribution of diffuse emissions to the river system. For 

nutrient, several application of the Riverstrahler on the Seine river basin allowed to refine the 

quantification of diffuse sources, among other:  Billen and Garnier, (2000), and Billen et al. 

(2018) for nitrogen; Aissa-Grouz et al. (2016) for phosphorous; Billen et al. (2007), Sferratore 

et al. (2008), and Thieu et al. (2009) for N, P and Si. In this study we revised our estimates for 

diffuse organic carbon sources and propose values of TA and DIC for the Seine basin. 

Summary of all carbon related inputs of the model are showed in Table 2-3. 

Dissolved organic carbon (DOC) input concentrations were extracted from the AESN 

database (http://www.eau-seine-normandie.fr/, last accessed 2018/11/05) and averaged by 

land use for subsurface sources (mean: 3.13 mgC L
-1

; sd: 4.56 mgC L
-1

; 3225 data for 2010-

2013). For groundwater source, concentrations were extracted from the ADES database 

(www.ades.eaufrance.fr, last accessed 2018/11/05) and averaged by MESO water bodies 

(French acronym: Masse d’Eau SOuterraine, see Annex 2-5; mean: 0.91 mgC L
-1

; sd: 0.8 

mgC L
-1

; 16,000 data for 2010-2013). These concentrations were similarly separated into 3 

pools of different biodegradability, with 7.5% rapidly, 17.5% slowly biodegradable and 75% 

of refractory DOC for subsurface sources and, 100% of refractory DOC for groundwater flow 

(Garnier, unpublished).  

Total POC inputs were calculated based on estimated total suspended solids (TSS) fluxes, 

associated with a soil organic carbon (SOC) content provided by the LUCAS Project (samples 

from agricultural soil), the BioSoil Project (samples from European forest soil), and the “Soil 

Transformations in European Catchments” (SoilTrEC) Project (samples from local soil data 

coming from five different critical zone observatories (CZOs) in Europe) (Aksoy et al., 2016). 

TSS concentrations were calculated using fluxes of TSS provided by WaTEM-SEDEM 

(Borrelli et al., 2018) and runoffs averaged over the periode1970-2000 (SAFRAN-ISBA-

MODCOU, SIM, Habets et al., 2008). The POC mean was 8.2 mgC L
-1

, sd: 10.4 mgC L
-1

 in 

http://www.eau-seine-normandie.fr/
http://www.ades.eaufrance.fr/
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subsurface runoff, and 0.8 mgC L
-1

, sd: 1.0 mgC L
-
 in groundwater discharge. The same ratio 

of DOC reactivity was applied for three classes of degradability of POC.  

DIC and TA are brought by subsurface and groundwater discharges (Venkiteswaran et al., 

2014). DIC is defined by the sum of bicarbonates (HCO3
-
), carbonates (CO3

-
) and CO2. 

Unlike HCO3
-
 and CO3

-
 measured in groundwater on a regular basis by French authorities 

(ADES, www.ades.eaufrance.fr, last accessed 2018/11/05), CO2 concentrations were not 

measured in their survey. TA values are also provided in ADES data base.  

For calculating DIC concentrations in groundwaters, we therefore used our own CO2, 

measurements, equaling on average 15.92 mgC-CO2 L
-1

, sd: 7.12 mgC-CO2 L
-1

 (55 

measurements in 6 pizeometers in the Brie aquifer in 2016-2017) (see methodology in 

Marescaux et al., 2018a). DIC and TA were averaged for the 48 unconfined hydrogeological 

MESO units of the basin (see concentrations in Annex 2-5) on the recent period (2010-2015), 

including the period of simulations. In Fig. 2-3, a summary of TA and DIC inputs by MESO 

units is shown by grouping MESO units according to the lithology and geological ages. 

Interestingly, DIC and TA values extracted from the ADES database for the MESO unit 

number 3103 corresponding to those of the Brie aquifer (DIC mean: 76 mgC l
-1

, sd: 11 mgC l
-

1
, TA mean: 5553 µmol l

-1
, and sd: 988 µmol l

-1
)
 
compare well

 
with our field measurements 

(annual mean concentrations of 72 mgC l
-1 

(DIC), and 4700 µmol l
-1

 (TA) (Annex 5)).  

http://www.ades.eaufrance.fr/
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Fig. 2-3 Boxplots of total alkalinity (µmol L
-1

) and dissolved inorganic carbon (DIC, mgC L
-1

) groundwater 

concentrations by grouping the MESO units. The lower, intermediate and upper parts of the boxes represent 

respectively the 25
th

, 50
th

 and 75
th

 percentiles and the circles represent the outlier values (source: ADES). 

Documenting TA and DIC diffuse sources based on MESO units ensures a good 

representation of their spatial heterogeneity in the Seine river basin. Indeed carbonates shows 

higher TA and DIC mean concentrations while crystalline waters had the lowest mean 

concentrations in TA and DIC (Primary and anterior basements from Devonian, Fig. 2-3). 

Aquifers from Tertiary and alluvium of Quaternary showed more heterogeneous distribution 

of concentrations (Fig. 2-3). TA and DIC by MESO units are then spatially averaged at the 

scale of each modeling unit of the pyNuts-Riverstrahler model (80 modeling objects, 

subdivided according to Strahler ordination, Annex 2-3), thus forming a semi distributed 

estimate of groundwater concentrations.  

Estimates of TA and DIC subsurface concentrations (also required as inputs by the pyNuts-

Riverstrahler model) are not routinely obtained during field surveys, unlike for groundwater. 

Moreover, measurements in small streams cannot be considered as representative of 

subsurface concentrations because they are expected to strongly degas within 200 m as 

showed for N2O in Garnier et al. (2009), and CO2 in Öquist et al. (2009). For these reasons we 

have thus considered similar concentrations and spatial distribution for subsurface 
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components that those obtained for groundwater (from 25 to 92 mgC L
-1

 of DIC, and from 

663 to 5580µmol L
-1

 of TA, Fig. 2-3).  

Point sources from WWTP effluents 

The pyNuts-Rivestrahler model integrates carbon and nutrients raw emissions from local 

population starting from the collection of households emissions into sewage network until 

their release with or without treatment in WWTPs. In the Seine river basin, most of these 

releases are adequately treated before being discharged to the drainage network. DOC 

discharge from WWTP have been described according to treatments type and ranged from 2.9 

to 9.4 gC inhab
-1

 day
-1

 while POC discharge ranged from 0.9 to 24 gC inhab
-1

 day
-1

 based on 

sample of water purification treatment observed in the Seine basin (Garnier et al. 2006; 

Servais et al. 1999). 

Measurement of TA and DIC were performed on 8 WWTPs selected to reflect various 

treatments capacities (from 6 10
3
 inhab. Eq to 6 10

6
 inhab.) and different treatments types 

(activated, sludge, Biostyr® Biological Aerated Filter) in the Seine river basin. Sampling and 

analysis protocols are provided in Annex 6. Unfortunately, this sampling did not allow to 

highlight differences in per capita emission of TA and DIC. Consequently, we used a fixed 

value of 3993 µmol L
-1

 for TA and 70 mgC L
-1 

for DIC, which correspond to the weighted 

mean by WWTP capacity of our measurements, and are in agreement with values from 

Alshboul et al. (2016b) found in the literature. 
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Table 2-3 Summary of the carbon related inputs of the pyNuts-Riverstrahler model 

Input 

variables 
Flow database averaged values source 

DOC 
subsurface AESN land use 

mean: 3.13 mgC L-1; sd: 4.56 mgC L-

1; 

http://www.eau-seine-

normandie.fr/ 

groundwater ADES MESO units mean: 0.91 mgC L-1; sd: 0.8 mgC L-1 www.ades.eaufrance.fr 

POC 

subsurface 
LUCAS, 

BioSoil and 

SoilTrEC 
Projects 

based on estimated total 

suspended solids (TSS) 
fluxes, associated with a 

soil organic carbon 

(SOC) content 

mean: 8.2 mgC L-1, sd: 10.4 mgC L-1 

(Aksoy et al., 2016) 

groundwater mean: 0.8 mgC L-1, sd: 1.0 mgC L-
 
1 

DIC 
subsurface 

ADES MESO units 
from 25 to 92 mgC L-1 

www.ades.eaufrance.fr 

groundwater from 25 to 92 mgC L-1 

TA 
subsurface 

ADES MESO units 
from 663 to 5580µmol L-1 

www.ades.eaufrance.fr 

groundwater from 663 to 5580µmol L-1 

            

DOC Point sources Measurments According to WWTP 

treatment and capacity 

2.9 to 9.4 gC inhab-1 day-1  (Garnier et al. 2006; 

Servais et al. 1999) POC Point sources Measurments 0.9 to 24 gC inhab-1 day-1 

DIC Point sources Measurments 
weighted mean by 
WWTP capacity  

70 mgC L-1  This study 

TA Point sources Measurments 
weighted mean by 

WWTP capacity  
3993 µmol L-1 This study 

2.2.5. Observations data  

We selected the timeframe of 2010-2013 for setting up and validating the new inorganic 

module. This period includes the year 2011 which has been particularly dry (annual average 

water discharge at Poses averaged: 366 m
3
 s

-1
) and 2013 wet (annual average water discharge 

at Poses: 717 m
3
 s

-1
) while 2010 and 2012 showed intermediate hydrological conditions 

(annual average water discharges at Poses: 418 m
3
 s

-1
; 458, m

3
 s

-1
, respectively) (data source: 

Banque Hydro). 

pCO2 values (ppmv) were calculated using CO2SYS software algorithms (version 25b06, 

Pierrot et al., 2006) according to existing datasets of pH, total alkalinity and water 

temperature measurements for the chosen period 2010–2013 (8693 records of these three 

variables, i.e., around 1209 stations distributed throughout the Seine basin) collected by the 

AESN. The carbonate dissociation constants (K1 and K2) applied were calculated from 

(Millero, 1979) with zero salinity and depending of the water temperature. pCO2 calculations 

from pH and TA can lead to overestimation of pCO2 (Abril et al., 2015). The pCO2 calculated 

data were corrected by a relationsip established for the Seine basin and based on pCO2 field 

measurements (Marescaux et al., 2018a). For computing interannual average over the 2010-

2013 time period, data were averaged monthly, then annually at each measurement stations, 

and then spatially averaged (e.g., by Strahler orders). 

http://www.eau-seine-normandie.fr/
http://www.eau-seine-normandie.fr/
http://www.ades.eaufrance.fr/
http://www.ades.eaufrance.fr/
http://www.ades.eaufrance.fr/
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Four stations offering sufficient data, over the 2010-2013 time period, have been selected for 

appraising seasonal patterns. They are located along the main stem of the Marne-Lower Seine 

River and chosen for their interests: Poses (the outlet), Poissy (downstream SAV WWTP), 

Paris and Ferté-sous-Jouarre (upstream Paris) (Fig. 2-1). 

All data were processed using R (R Core team, 2015) and QGIS (QGIS Development Team, 

2016). Kruskal-Wallis tests were used to compare simulated and measured pCO2 averages. 

2.3. Results 

2.3.1. Validation of spatial and seasonal variations of pCO2  

CO2 from small streams to larger section of the Seine River 

Simulations of CO2 concentrations averaged for 2010-2013 by Strahler orders showed that 

pyNuts-Riverstrahler succeeds in reproducing the general trends of CO2 observations (7565 

data) (Fig. 2-4). Although not significant, CO2 concentration means tend to decrease in small 

streams (width < 100 m) from SO1 to SO4, and to finally increase in larger stream (width > 

100 m) from SO5 to SO7), downstream the Paris conurbation. Some discrepancy appears for 

orders 1, with simulations higher than observations while, for orders 2 to 7, simulations were 

conversely lower than observations. The corresponding k-values calculated for the Seine 

ranged between 0.04 and 0.23 m h
-1

 with higher values in first streams and lower values in 

larger rivers (not shown), CO2 outgassing being positively related to k-value ( Annex 2-4.5 eq. 

[25]). If k-value increases with a negative CO2 concentrations gradient from the water column 

to the atmosphere, CO2 concentrations will decrease (eq. [4]) and reduce the inorganic carbon 

stock of the water column.  
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Fig. 2-4 Simulated and observed carbon dioxide concentrations in the Seine waters (CO2, mgC-CO2 l
-1

) as a 

function of the stream order averaged on the period 2010 – 2013 (whiskers indicating standard deviations). 

Profiles of the main stem Marne - Poses  

On the same period, a focus on the main stem from the Marne river (SO6) until the outlet of 

the Seine River (Poses, SO7) showed that longitudinal variations are well represented by the 

model, with higher concentrations of CO2 downstream Paris, and a peak of CO2 

concentrations immediately downstream the SAV WWTP, followed by a progressive decrease 

until the estuary (Fig. 2-5). 

 

Fig. 2-5 Observed (dots) and simulated (line) mean carbon dioxide concentrations (CO2, mgC L
-1

) along the main 

stem of the Marne River (km −350 to 0) and the lower Seine River (km 0–350) averaged over the period 2010-

2013. The simulation envelope (grey area) represents standard deviations of CO2 simulated. Whiskers are 

standard deviations between observed CO2 concentrations. 
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Seasonal variations  

Upstream, within Paris, and downstream of Paris, simulations provide the right levels of CO2, 

DIC, TA and pH (Fig. 2-6). In addition to a good range of values, DIC and TA simulations 

show the observed seasonal patterns with the depletion observed in summer-autumn related to 

low-flow support by reservoirs. Downstream of Paris (Fig. 2-6, left), CO2 concentrations 

reflect the opposite pattern of water discharge with a decrease in CO2 in May-June when the 

water flow increases.  

 

Fig. 2-6 Ten-days simulated (lines) and observed (dots) water discharges on the period 2010-2013 excepted for 

downstream SAV where water discharges where available only for 2012 (Q, m
3
 s

-1
), concentrations of carbon 

dioxide (CO2, mgC L
-1

, and CO2 sat, mgC L
-1

), dissolved inorganic carbon (DIC, mgC L
-1

), total alkalinity (TA, 

µmol L
-1

), pH (-), and phytoplankton (mgC L
-1

). Simulation envelope corresponds to standard deviations. For 

observed data, whiskers are standard deviations. Four monitoring stations of interest along the main stem Marne-

Poses are shown: Ferté-sous-Jouarre (upstream Paris on the Marne River), Paris (upstream at Charenton), 

downstream SAV WWTP, and outlet of the basin (Poses). 
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The model does not reproduce the summer blooms, whereas there is a lag in the simulated 

spring bloom emergence, compared to the observations (Fig. 2-6, bottom). Relationships 

between observed values of alkalinity and water discharges and between alkalinity and 

phytoplankton are not straightforward, alkalinity increasing with increasing discharge (see in 

Annex 2-7).  

2.3.2. Inorganic and organic carbon budgets 

Taking into account the rather good simulation levels, we established an average inorganic 

and organic budget for the studied period (2010-2013) (Table 2-4). The budget of inorganic 

and organic carbon (IC and OC) shows the high contribution of external inputs (sum of point 

and diffuse sources represent 92% and 68% of IC and OC inputs) and riverine exports (69% 

and 65% respectively of IC and OC outputs). These exports are at least one order of 

magnitude higher for IC budget (Table 2-4). The important contribution of the Seine aquifer 

induced the IC flux brought by groundwater to be dominant over those from subsurface 

(respectively 57% vs 34 % of total IC inputs), while for OC, the sub-surface contributions are 

higher than groundwater ones (54% vs 14% of the total OC fluxes). This is due to high OC 

concentrations in top soil.  

Interestingly, relative contributions of point sources to OC inputs are higher than for IC (23% 

and 6.5% of the OC and IC inputs, respectively) (Table 2-4).  

Heterotrophic respiration by microorganism represents only 1.6% of the IC inputs. Similarly, 

IC losses by net primary production also account for a small proportion, i.e. 0.5 % of the IC 

inputs. For the OC budget, despite a contribution of autochthonous inputs from instream 

biological metabolisms (NPP and nitrification, 8% of inputs, and heterotrophic respiration, 

6.5%) relatively high compared to their proportion in IC fluxes (2.3%), allochthonous 

terrestrial inputs still dominate the OC budget (Table 2-4).  

The Seine River exports at the outlet 69% of the IC entering or produced in the drainage 

network, and 54% of OC brought to the river (including both particulate and dissolved forms) 

(Table 2-4). Instream OC losses are related to the heterotrophic respiration (6.5%) and while a 

net transfer to benthic sediment is estimated (28.5% of losses) including sedimentation and 

erosion processes. In the IC budget, ventilation of CO2 is an important physical process (30% 

of the overall losses) (Table 2-4).  
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Table 2-4 Inorganic and organic carbon budget in the Seine hydrosystem (kgC km
-2 

yr
-1

) as calculated by the 

pyNuts-Riverstrahler model averaged on the period 2010-2013. *Net sediment loss is the difference between the 

erosion and the sedimentation calculated by the model 

2010-2013 Processes involved in inorg C budget kgC km-2 yr-1 % 

Input to river Diffuse sources from subroot 5963 34.4 

  Diffuse sources from groundwater 9968 57.5 

  Urban point sources 1135 6.5 

  Heterotrophic respiration 270 1.6 

  Denitrification 0 0 

Output from river Delivery to the outlet 12482.5 68.9 

  Ventilation 5512.5 30.4 

  Nitrification 37.3 0.2 

  NPP 95.1 0.5 

2010-2013 Processes involved in org C budget kgC km-2 yr-1 % 

Input to river Diffuse sources from subroot 870 54.2 

  Diffuse sources from groundwater 227 14.2 

  Urban point sources 375 23.4 

  Nitrification 37.3 2.3 

  NPP 95.1 5.9 

Output from river Delivery to the outlet 1081 65 

  Heterotrophic respiration 107.8 6.5 

  Net sedimentation 473 28.5 

 

2.3.3. Carbon aquatic processes 

Whereas IC and OC budgets of the Seine hydrosystem are clearly dominated by external 

terrestrial inputs and outputs through deliveries at the coast, we focus here on processes 

involved in the IC and OC cycles (Fig. 2-7Fig. 2-8).  

Average spatial distribution of IC processes, as calculated by the model, is mapped for the 

2010-2013 period (Fig. 2-7). Benthic activities are the most important in smaller streams. 

Differently, net primary production and heterotrophic planktonic respiration, which both 

follow a similar spatial pattern, increase with Strahler order, reaching their higher values in 

the lower Seine River. All these biological processes involved in the IC cycle are therefore 

highly active in the main stem of the river, while on the opposite CO2 outgassing mainly 

occurs in small head water streams of the basin, with a hotspot in the part of the basin with 

higher slopes (a limited area in the south) (Fig. 2-8).  
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Fig. 2-7. Instream processes involved in the inorganic carbon cycle simulated by pyNuts-Riverstrahler and 

averaged on the period 2010-2013 for the whole Seine river network. CO2 outgassing (A. blue - yellow, mgC m
-2

 

day
-1

), net photosynthesis (B. blue – green, mgN m
-2

 day
-1

), benthic (C. blue - violet) and heterotrophic 

planktonic (D. blue - orange) respiration (mgC m
-2

 day
-1

) are represented in the hydrographic network.  

 

Regarding the OC processes, mostly linked to biological activity, they are analyzed in terms 

of ecosystem metabolism (Fig. 2-8).The net ecosystem production (NEP, mgC m
-2

 day
-1

) is 

defined as: 

NEP = NPP – Het. Respiration 

Where: NPP is the net primary production (mgC m
-2

 day
-1

) depending on the growth of 

phytoplankton. This NPP is bio-accumulated by phytoplankton or assimilated by zooplankton 

and/or benthos that return organic carbon by respiration (Het. respiration, mgC m
-2

 day
-1

) to 

CO2 emissions.  

Simulations show that NEP remains negative in the entire drainage network (Fig. 2-8). In 

SO1, this negative NEP is associated to almost no NPP, and heterotrophic respiration is 

dominated by benthic activities (see Fig. 2-7). In SO5, NEP is less negative than in SO1 (Fig. 

2-8), heterotrophic respiration is lower than in SO1 while NPP is higher. In the lower Seine 

River (SO7), NPP increases as well as heterotrophic respiration, which reaches its highest 

value in this downstream stretch receiving treated effluents from WWTPs. Therefore, the 

increase in NPP does not result in positive NEP. The entire drainage network is thus 
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supersaturated in CO2 with respect to atmospheric concentrations, and constitutes a source of 

CO2. This supersaturation is the highest in smaller orders, lower in intermediate ones and 

increases again in the lower Seine River (Fig. 2-8b, see also Fig. 2-4). 

 

Fig. 2-8 Metabolism of Strahler stream orders 1, 5, and 7 of the Seine basin simulated by pyNuts-Riverstrahler 

and averaged over the period 2010-2013. Net primary production (NPP, mgC m
2
 day

-1
), heterotrophic respiration 

(Het. respiration, mgC m
2
 day

-1
), net ecosystem production (NEP, mgC m

2
 day

-1
). Only the SO 1, 5, and 7 were 

represented as they showed the most different behaviors. Indeed, three patterns were observed one for SO1 to 

SO3, another one for SO4 and SO5, and the last one for SO6 and SO7. 
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2.4. Discussion 

2.4.1. Validation of the model 

Simulated CO2 concentrations tend to be higher than observed for SO-1. These differences 

may be related to the high variability of CO2 in SO1, and the scarcity of measurements in 

springs. However, Öquist et al. (2009) estimated that up to 90% of daily soil DIC import into 

streams was emitted to the atmosphere within 200 meters. Soil emissions being highly 

difficult to capture, we have considered that concentrations in groundwater (DIC and TA) 

closely reflect the composition of diffuse sources and then, soils composition. Such 

assumption probably underestimates the DIC/TA ratio brought to the river in small stream. 

Simulated concentrations in SO-2 to 7 are lower than observed values (Fig. 2-4). For SOs 6 

and 7, the way of taking into account gas transfer velocity in the modeling approach could 

explain these discrepancies (see Annex 2-8). Indeed, the gas transfer velocity value reported 

by Alin et al. (2011) was used for streams and rivers up to 100 m width, as they 

recommended. Whereas these k-values provided adequate simulations in the river up to 100 m 

width, for river widths superior to 100 m, k-value was calculated according to the equation of 

O’Connor and Dobbins (1958) modified by Ho et al. (2016) which was probably too high for 

larger rivers with no tidal influence (Annex 2-8). An equation for large river with no tidal 

influence using wind speed could be more appropriated (Alin et al., 2011). However, 

Riverstrahler model does not consider the wind as an input, which would have required a 

much higher spatio-temporal resolution to reflect it heterogeneity in the Seine basin (from 0 to 

5-6 m s
-1

) with diurnal cycle affected by phenomena as breeze (Quintana-Seguí et al., 2008). 

Future work of direct k measurements and/or a new representation of k-values in the model 

could help to improve outgassing simulations with pyNuts-Riverstrahler.  

Regarding seasonal patterns, dissolved inorganic carbon and alkalinity amplitudes are well 

captured and the level of values is correct. DIC and TA observations show a strong decrease 

from June/July to November (maximal amplitude decrease of 10 mgC L
-1

 and 1000 µmol L
-1

) 

that the model represent. For the Seine River, the water flow decrease in summer is mainly 

related to the decrease of runoff water, meaning that groundwater contribution is 

comparatively higher at this time. According to our measurements, these groundwaters are 

more concentrated in TA, DIC and CO2 than runoff water. However, in addition to 

groundwater contributions, reservoirs support low-flow and are characterized by lower TA, 
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DIC and CO2 concentrations. Then, the decrease observed is related to the contribution of 

reservoirs. In addition, phytoplankton blooms especially occurring at low water consume 

DIC. 

2.4.2. Export fluxes 

The new implementation of an inorganic carbon module in pyNuts-Rivesterahler enables to 

estimate the CO2 outgassing of the Seine River at 362 GgC yr
-1

. This is lower than in our 

previous estimate of 590 GgC yr
-1

 using CO2 measurements only (Marescaux et al., 2018b). 

An underestimation by the model could be due to lower k-values used here. The outgassing by 

surface area of river of 1293 gC m
-2

 yr
-1

 is in the higher range of estimates from other studies 

(ranging from 70 to 4008 gC m
-2

 yr
-1

 ; Li et al., 2013 and references herein, e.g. Butman and 

Raymond, 2011). More precisely, a focus on temperate river outgassing’s estimates for the St 

Lawrence River (Yang et al., 1996), Ottawa River (Telmer and Veizer, 1999), Hudson River 

(Raymond et al., 1997), and the Mississippi River (Dubois et al., 2010) shows lower rates 

(from 70 to 1284 gC m
-2

 yr
-1

) than in the Seine River. This high variability for these temperate 

rivers is highly dependent on the consideration or not, of the first orders streams in the 

outgassing. Similarly to our study, Butman and Raymond (2011), take into accounts small 

streams and rivers while lower estimates correspond to study for large rivers, excluding small 

streams. Indeed, CO2 concentrations (see Fig. 2-2) and outgassing are often more important in 

headwater streams than in large rivers due to higher CO2 concentrations and gas transfer 

velocities (Marx et al., 2017; Raymond et al., 2012a). The mapping of CO2 outgassing in the 

Seine basin clearly shows that small streams release more CO2 than median and larger rivers 

(see Fig. 2-7). 

Regarding organic carbon, Meybeck (1993) estimated the DOC export to the ocean for 

temperate climate at 1.5 gC m
-2

 yr
-1

, a value that is higher than our OC estimate of 1.0 gC m
-2

 

yr
-1

 for the Seine River Basin, before entering the estuarine section. This might be explained 

by the low altitude of the Seine River, limiting erosion, and by the change in the trophic state 

of rivers after the implementation of water directives in the late 1990s (Guerrini et al., 1998; 

Rocher and Azimi, 2017; Romero et al., 2016). In addition, the CO2/OC ratio of export to 

estuary of the Seine hydrosystem is 5.1, which is higher from the one of the Mississippi River 

(4.1; Dubois et al., 2010b; Li et al., 2013) and may be related to important outgassing from 

headwater streams in our study. However, integrated over their whole basin, the Mississipi, 

with its surface area > 40 times higher than the Seine, exports 2435 GgC yr
-1 

of OC (Dubois et 
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al., 2010) while the small Seine River only 71 ± 12 GgC yr
-1

. Note that, such a Seine River 

export is three time less than the one calculated in 1979 (250 Gg C yr
-1 

, Kempe, 1984). This 

difference must be related to improvements in water treatments in the basin decreasing DOC 

concentrations in the Seine River, precisely of 2.8 times since the 1990’s (Rocher and Azimi, 

2017) and phytoplankton blooms near disappearance (Aissa Grouz et al., 2016). 

We estimate DIC export of the Seine River at 820 ± 201 GgC yr
-1

, a value higher than basin 

of the same size or even higher (e.g., Ottawa River, drainge area of 149,000 km2, 520 GgC yr
-

1
 , Telmer and Veizer, (1999); Li et al. (2013)). The high concentrations of HCO3

-
 in the Seine 

basin already documented and related to the lithology of the Seine basin (limestone and 

gypsum beds from Cretaceous and Tertiary) (Kempe, 1982; 1984) may explain this high 

export to outlet of the river. With both high CO2 and DIC exports, the ratio of CO2/DIC 

exports from the Seine River is close to the global one (0.44 vs 0.5, Li et al., 2013). 

2.4.3. Metabolism 

Model simulations with the new inorganic carbon module enable to analyze spatial variations 

of CO2 regard to metabolism activities (heterotrophic respiration, NPP and NEP).  

Mean NEP remained negative in the entire basin resulting from heterotrophic conditions 

producing CO2 (Fig. 2-7 and Fig. 2-8). In small streams, NPP and heterotrophic respiration 

are lower than in higher SOs due to shorter water residence times. However, benthic 

respiration (Fig. 2-8) makes NEP of small streams as important as NEP of highest SOs 

impacted by wastewater effluents, and small SOs are the most concentrated in CO2, brought 

by groundwaters. Intermediate Strahler streams showed smallest CO2, respirations or NPP 

with NEP less than 0.1 mgC m
-2

 day
-1

. In higher stream orders both respiration and net 

photosynthesis are the highest (Fig. 2-7 and Fig. 2-8) and metabolisms (photosynthesis) have 

an impact on CO2 concentrations (Fig. 2-6). However, SO7 remains mostly heterotroph, with 

NEP being as negative as in small orders (Fig. 2-8).  

The model never calculates positive NEP related to an increase of NPP, a situation generally 

observed in the past (Garnier and Billen, 2007; Aissa-Grouz et al., 2016). Despite 

phytoplankton biomass being underestimated by the model, by a factor of about two the Seine 

hydrosystem does not show any more episodes of autotrophy as it used to be (Garnier and 

Billen, 2007).  
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The model highlights the importance of benthic activities in headwater streams (Fig. 2-7) that 

decrease downstream as heterotrophic planktonic activities increase in larger rivers, a typical 

pattern described by the river continuum concept (RCC, Vannote et al., 1980) and quantified 

for the Seine River (Billen et al., 1994; Garnier et al., 1995; Garnier and Billen, 2007). These 

results are also in agreement with those by Hotchkiss et al. (2015) that suggested that the 

percentage of CO2 emissions from metabolism increases with stream size while CO2 

emissions of small streams were derived from allochtonous terrestrial CO2. Benthic 

respiration represented 34% of respiration in the main stem, supporting the findings by 

Vilmin et al. (2016) showing that benthic respiration represented 1/3 of the respiration of the 

main stem. Regarding headwaters streams, Battin et al. (2009a) described benthic activities as 

the highest (as also observed in our study, Fig. 2-7) where microbial biomass is associated to 

streambeds where exchanges with subsurface flow bring nutrients, oxygen and increases 

mineralization. 

On the recent period 2010-2013 studied here, and in all SOs, the NPP never exceeds 

heterotrophic respiration (ratio NPP –P– to heterotrophic respiration –R– greater than 1) (Fig. 

2-8). Whereas in the past, eutrophication of the Seine River led to a P:R ratio above 1 in large 

rivers at least during spring blooms, with P and R values increasing up to 2.5 mgC m
-2

 day
-1

 

(Garnier and Billen, 2007), P:R ratio is now systematically below 1, with P and R values 

being one order of magnitude lower (compared to the factor of two of underestimation of 

algal biomass). These changes, linked to an overall decrease in biological metabolism are 

explained by the improvements of treatment in WWTPs decreasing the organic carbon load 

into rivers and associated pollution and hence, decreasing CO2 concentration along the main 

stem of the Seine River (Marescaux et al., 2018a). Improvement of treatments in wastewater 

especially reduced nutrient inputs to the river, especially phosphates, nowadays a limiting 

nutrient to algal development in the SOs 5 and 6, reducing algal peaks from 150 µgChla l
-1

 in 

the 1990 to hardly 50 µgChla l
-1

 presently (Romero et al., 2016; Aissa-Grouz et al., 2016).  
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2.5. Conclusion 

The first simulations with the river biogeochemical pyNuts-Riverstrahler model including the 

processes involved in the inorganic carbon cycle represent rather well the CO2 concentrations 

and outgassing along the hydrosystem.  

This modeling approach highlighted the need for measurements of gas transfer velocities in 

the Seine River to enable to choose the best model equation or to propose a new one. Such 

direct measurements of this gas transfer velocity should be completed spatially and 

seasonally.  

CO2 concentrations appear differently controlled along the Seine hydrosystem. In small 

orders, concentrations are mainly driven by groundwater discharges. In larger rivers, in 

addition to the influence of groundwater, concentrations show pattern linked to hydrosystem 

metabolisms. Indeed, blooms tend to decrease CO2 concentrations, increasing the NEP 

although the hydrosystem remains heterotrophic and supersaturated with respect to the 

atmospheric CO2 concentrations. Heterotrophic respiration increases CO2 concentrations with 

peaks downstream WWTP effluents enriched in organic carbon.  

Around 30% of the DIC inputs widely dominated by soils, groundwater or WWTP effluents 

are outgassed while 69% are exported to the estuary. 
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2.6. Annex 

2.6.1. Annex 2-1 : List of state variables of the Rive model 

GROUP * VARIABLE DESCRIPTION 

 
Q  mean discharge during the 10 day period in m3/s 

PHY 
DIA  diatom biomass in mgC/l 

GRA  green algae (chlorophyceae) biomass in mgC/l 

CYA  cyanobacteria biomass in mgC/l 

 
MES  mineral suspended solid in mg/l 

NUTS 

NO3 nitrates in µmol/l: 

NH4  ammonium in µmol/l 

PO4 phosphates in µmol/l 

PIT total inorganic phosphorus in µmolP/l [**] 

SIO dissolved silica in µmol/l 

 
OXY dissolved oxygen in µmol/l 

ZOO ZOR rotiferan-like zooplankton in mgC/l 

ZOC cladoceran-like zooplankton in mgC/l 

BACT 

BAG heterotrophic bacteria > 1µ in mgC/l 

BAP heterotrophic bacteria <1µ in mgC/l 

NIT ammonium oxidizing nitrifying bacteria in mgC/l 

NAT nitrite oxidizing nitrifying bacteria in mgC/l 

OC 

DOC1 rapidly biodegradable dissolved organic matter in mgC/l 

DOC2 slowly biodegradable dissolved organic matter in mgC/l 

DOC3 refractory dissolved organic matter in mgC/l 

POC1 rapidly biodegradable particulate organic matter in mgC/l 

POC 2 slowly biodegradable particulate organic matter in mgC/l 

POC 3 refractory particulate organic matter in mgC/l 

DSS low molecular weight directly assimilable organic substrates in mgC/l 

Benthic 

SIB biogenic non-living particulate (amorphous) silica in µmol/l 

BOC1 benthic (deposited) rapidly biodegradable organic matter in gC/m² 

BOC2 benthic (deposited) slowly biodegradable organic matter in gC/m² 

BOC3 benthic (deposited) refractory organic matter in gC/m² 

BPI benthic (deposited) inorganic phosphorus in mmolP/m² 

BBS  benthic (deposited) biogenic silica in mmol/m² 

BFE benthic (deposited) faecal bacteria in 1000/m²l 

SED deposited inorganic material in g/m² 

 

FEL free living faecal bacteria in nb/l 

FEA attached faecal bacteria in nb/l 

 
N2O nitrous oxide in µmol/l 

 NO2 nitrite in µmol/l 

 CH4 methane in µmol/l 

IC 
CO2 (***) Carbon dioxide in mgC/l 

TA (***) Total alkalinity in µmol/l 

DIC (***) Dissolved inorganic carbon in mgC/l 

 

(*) “Group” refer to generic group name provided in Fig. 2-2 in this paper 

(**) An instantaneous equilibrium is considered for adsorption of ortho-phosphate on MES, so that PIT is the 

only primary state variable to be considered. 

(***) New state variable added in the RIVE model 

All biomasses (DIA, GRA, CYA, BAG, BAP, NIT, NAT, ZOR, ZOC) as well as organic matter pools (DOC 1-

2-3, POC 1-2-3, BOC 1-2-3) are considered to have constant C:N:P ratios, namely C/N=7  
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2.6.2. Annex 2-2: Kinetics and parameters of the Rive model (updated 

from Garnier et al., 2002).  

Process 

 

kinetic expression  Parameters  

phytoplankton dynamics  Meaning Diatoms Chloro-

phyc. 

Units 

Photosynthesis (phot) kmax (1-exp-( I/kmax)) PHY kmax* maximal rate of photosynth. 0.2 0.25 h-1 

   initial slope of P/I curve  0.0012 0.0012 h-1 (µE.m-2 s -1)-1 

reserves synthesis srmax M(S/PHY,Ks) PHY srmax* max. rate of reserve synthesis  0.1 0.25 h-1 

  Ks  1/2 saturation cst 0.06 0.06  

reserves catabolism kcr R kcr.* rate of R catabolism 0.2 0.2 h-1 

growth (phygrwth) mufmax M(S/PHY,Ks) lf PHY mufmax max. growth rate* 0.05 0.05 h-1 

nutrient limitation factor  with lf  = M(PO4,Kpp) 

or M(NO3 +NH4, Kpn) 

or M(Si02 , KpSi) 

Kpp 

Kpn 

KpSi 

 

1/2 sat. cst for P uptake  

1/2 sat. cst for N uptake 

1/2 sat. cst for Si uptake 

15 

14 

0.53 

62 

14 

- 

µg P l-1 

µg N l-1 

mgSiO2 l
-1 

respiration  maint PHY +ecbs phygrwth maint* 

ecbs 

maintenance coefficient.  

energetic cost of biosynthesis 

0.002 

0.5 

0.002 

0.5 

h-1 

-  

excretion (phyex) exp phot.+ exb PHY exp "income tax" excretion  0.0006 0.0006 h-1 

  exb "property tax" excretion  0.001 0.001 h-1 

lysis (phylys) kdf + kdf (1+ vf) kdf* mortality rate 0.032 0.064 h-1 

  vf + parasitic lysis factor 0 / 20 0 / 20 - 

phyto sedimentation  (vsphy/depth).PHY vsphy sinking rate .006 .001 m h-1 

NH4 uptake   phygrwth /cn NH4/(NH4+NO3) cn algal C:N ratio 7 7 g C(g N)-1 

NO3 uptake   phygrwth /cn NO3/(NH4+NO3)      

PO4 uptake  phygrwth /cp cp algal C:P ratio 40 40 g C(g P)-1 

SiO2 uptake   phygrwth /cSi cSi algal C:Si ratio 2 - g C(g SiO2)
-1  

 

temperature dependency p(T) = p(Topt).exp(-(T-Topt)² / dti²) Topt 

dti 

optimal temperature 

range of temperature 

21 

13 

37 

15 

°C 

°C 

 

zooplankton dynamics   Total zooplankton.  

ZOO growth 

 (zoogwth) 

µzox.M(PHY-PHYo),KPHY).ZOO µzox 

KPHY 

PHYo 

max. growth rate 

1/2 sat cst to PHY 

threshold phyto conc.  

0.025* 

0.4 

0.025 

h-1 

mgC l-1 

mgC l-1 

ZOO grazing  grmx.M((PHY-PHYo) KPHY).ZOO grmx max grazing rate 0.1* h-1 

ZOO mortality kdz.ZOO kdz mortality rate 0.05* h-1 

temperature dependency p(T) = p(Topt).exp(-(T-Topt)² / dti²) Topt 

dti 

optimal temperature 

range of temperature 

25 

10 

°C 

°C 

Lamellibranchs   Dreissena.   

Filtration rate  fmax max filtration rate 0.01* m3 gDW-1h-1 

temperature dependency p(T) = p(Topt).exp(-(T-Topt)² / dti²) Topt 

dti 

optimal temperature 

range of temperature 

25 

8 

°C 

°C 

bacterioplankton dynamics   small 

bac 

large bac  

POCi production by lysis εpi . (phylys+bactlys+zoomort) εp1 

εp2 

εp3 

POC1 fraction in lysis pducts  

POC2 fraction in lysis pdcts 

POC3 fraction in lysis pdcts 

0.2 

0.2 

0.1 

- 

- 

enzym. POCi hydrolysis kib.POCi k1b 

k2b 

POC1 lysis rate  

POC2 lysis rate  

0.005 

0.00025 

h-1 

h-1 

POCi sedimentation  (vsm/depth).Hip Vs Hip sinking rate 0.05 m h-1 

Hid production by lysis δe . (phylys+bactlys+zoomort) εd1 

εd2 

εd3 

DOC1 fraction in lysis pdcts  

DOC2 fraction in lysis pdcts  

DOC3 fraction in lysis pdcts 

0.2 

0.2 

0.1 

- 

- 

- 

enzym. DOCi hydrolysis eimax. M(DOCi,KHi).BAC e1max 

e2max 

KH1 

KH2 

max. rate of DOC1 hydrolysis 

max. rate of DOC2 hydrolysis 

1/2 sat cst for DOC1 hydrol. 

1/2 sat cst for DOC1 hydrol. 

0.75 

0.25 

0.25 

2.5 

0.75 

0.25 

0.25 

2.5 

h-1 

h-1 

mgC l-1 

mgC l-1 

direct substr. Uptake bmax. M(S,Ks).BAC bmax 

Ks 

max. S uptake rate 

1/2 sat cst for S uptake 

0.16 

0.1 

0.6 

0.1 

h-1 

mgC l-1 

bact. growth (bgwth) Y. bmax. M(S,Ks).BAC Y growth yield 0.25 0.25 - 

bact. mortality (bactlys) kdb.BAC kdb bact. lysis rate 0.02 0.05 h-1 

bact. sedimentation  (vsb/depth).BAC vsb bacteria sinking rate 0 0.02 m h-1 

Ammonification (1-Y)/Y.bgwth/cn cn bact. C:N ratio 7 gC (gN)-1 

PO4 production  (1-Y)/Y.bgwth/cp cp bact. C:P ratio 40 gC (gP)-1 

temperature dependency p(T) = p(Topt).exp(-(T-Topt)² / dti²) Topt 

dti 

optimal temperature 

range of temperature 

20 

17 

22 

12 

°C 

°C 
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Process 

 

kinetic expression  Parameters  

nitrification and phosphorus 

dynamics  
 

 Meaning nitrifying bacteria Units 

NIT growth  (nitgwth) nix.M(NH4,KNH4).M(O2,KO2). 

NIT 

µnix* 

KNH4 

KO2 

max growth rate of NIT 

1/2 sat cst for NH4 

1/2 sat cst for O2 

0.046 

1.12 

0.6 

h-1 

mgN l-1  

mgO2 l
-1 

NH4 oxidation  nitgwth/rdtnit rdtnit NIT growth yield NIT 0.1 mgC (mg NH4)
-1 

NIT mortality kdnit.NIT kdnit* NIT mortality rate 0.01 h-1 

PO4 adsorpt/desorpt. 

(planktonic phase) 

Langmuir isotherm Pac 

KPads 

SM max. adsorpt. capacity  

1/2 saturation ads. cst. 

0.0056 

0.67 

mgP (mgMES)-1 

mgP l-1 

temperature dependency p(T) = p(Topt).exp(-(T-Topt)² / dti²) Topt 

dti 

optimal temperature 

range of temperature 

23 

15 

°C 

°C 

benthos recycling 

 

susp. matter sedim.  (vsm/depth)*MES vsm sinking rate   m-1 

Diffusion (interstitial ph.) Fick law Di app. diffusion coefficient 8 10-5  cm² s-1 

Mixing (solid phase)  Fick law Ds mixing coefficient  2 10-5  cm² s-1 

orgN mineralis. (maorg) kib.POCi/cn      

orgP mineralis.  kip.POCi/cp k1p* 

k2p* 

orgP hydrolysis rate of POC1 

orgP hydrolysis rate of POC2 

0.05* 

0.0025* 

 h-1 

h-1 

benth. nitrification  kNi*NH4 (in oxic layer) kNi 1st order nitrification cst 0.1  h-1 

NH4 adsorpt/desorpt.  1st order equilibrium Kam 1st order adsorpt. cst for NH4  9  - 

PO4 adsorpt/desorpt. 

   (in benthos) 

1st order equilibrium Kpa 

Kpe 

PO4 adsorpt. (oxic layer) 

PO4 adsorpt. (anoxic layer)  

100 

0 

 - 

- 

SiO2 redissolution kdbSi.SIB kdbSi silica redissolution rate  0.0001  h-1 

temperature dependency p(T) = p(Topt).exp(-(T-Topt)² / dti²) Topt 

dti 

optimal temperature 

range of temperature 

30 

15 

 °C 

°C 

 

 

*These parameters depend on temperature according to the relation mentioned. 

+M(C,Kc) = C/(C+Kc) : hyperbolic Michaelis-Menten function . 

+vf: parasitic lysis amplification function. It is maintained at zero while algal density of each group remains lower than a threshold value of 

65 µg Chl a l-1 and temperature is below 15°C.  
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2.6.3. Annex 2-3: Modeling objects of the Seine basin 

 

 

 

Fig. 2-9. PyNuts-Riverstrahler modeling objects. 8 “Axis” objects (main river branches, mapped with red 

contours) and 72 “basin” objects (upstream tributaries connected to “axis” objects). 
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2.6.4.  Annex 2-4: Description of the inorganic carbon module 

implemented in pyNuts-Riverstrahler  

The carbonate systems 

The major dissolved forms of the carbonate system are CO2 (aq) aqueous carbon dioxide, 

H2CO3 (aq) carbonic acid, HCO3
- 
(aq) bicarbonate ion, CO3

2- 
(aq) carbonate ion. 

𝐶𝑂2(𝑔)  ⇌  𝐶𝑂2(𝑎𝑞) 

 
[1] 

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 (𝑎𝑞) ⇌  𝐻2𝐶𝑂3 (𝑎𝑞) ⇌  𝐻𝐶𝑂3
−(𝑎𝑞) + 𝐻+(𝑎𝑞) 

 
[2] 

𝐻𝐶𝑂3
−(𝑎𝑞)  ⇌  𝐶𝑂3

2−(𝑎𝑞) + 𝐻+(𝑎𝑞) 

 
[3] 

 

The acid dissolution constants from the second and the third equations are respectively: 

𝐾1 =
[𝐻+][𝐻𝐶𝑂3

−]

[𝐶𝑂2]
 

 

[4] 

𝐾2 =
[𝐻+][𝐶𝑂3

2−]

[𝐻𝐶𝑂3
−]

 [5] 

𝑤𝑖𝑡ℎ 𝑝𝐾 =  −𝑙𝑜𝑔𝐾 [6] 

 

Carbonates system as a function of DIC 

Carbonates dissociation can be determined by total inorganic carbon. 

𝐷𝐼𝐶 =  [𝐶𝑂2]  +  [𝐻𝐶𝑂3
−]  +  [𝐶𝑂3

2−] [7] 

 

With the insertion of [4] and [5] in [7], DIC becomes:  

𝐷𝐼𝐶 =  
[𝐻+][𝐻𝐶𝑂3

−]

𝐾1
+ [𝐻𝐶𝑂3−] +

[𝐻𝐶𝑂3
−]𝐾2

[𝐻+]
 

 

[8] 
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↔  [𝐻𝐶𝑂3
−] =

𝐷𝐼𝐶

[𝐻+]
𝐾1

+
𝐾2

[𝐻+]
+ 1

 

 

[9] 

 

And with [𝐻𝐶𝑂3
−], we can calculate [𝐶𝑂3

2−] and [𝐶𝑂2] with [8] and [9]. 

[𝐶𝑂2] =  
[𝐻+]

𝐾1

𝐷𝐼𝐶

[𝐻+]
𝐾1

+
𝐾2

[𝐻+]
+ 1

 

 

[10] 

[𝐶𝑂3
2−] =

𝐾2𝐶 

[𝐻+]

𝐷𝐼𝐶

[𝐻+]
𝐾1

+
𝐾2

[𝐻+]
+ 1

 
[11] 

The dissociation constants of carbonic acid 

According to Millero et al. (2006), Harned and Scholes (1941), Harned et al. (1943) the 

dissociation constants of carbonic acid (molar concentration unit) are calculated as: 

𝑝𝐾1 = −126.34048 +
6320.813

𝑇𝐾
+ 19.568224 ∗ 𝑙𝑛(𝑇𝐾) [12] 

𝑝𝐾2  =  −90.18333 +
5143.692

𝑇𝐾
 + 14.613358 ∗ ln(𝑇𝐾) 

Where 𝑇𝑘 is the water temperature in Kelvin (°K). 

And, 

[13] 

𝐾1 = 10−𝑝𝐾1 

 
[14] 

𝐾2 = 10−𝑝𝐾2 [15] 
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pH calculation 

In the pyNuts-Riverstrahler model, pH was not yet calculated. In the inorganic carbon module, we 

added the calculation of H3O
+
 concentrations and pH derived from Culberson (1980) to enable to 

calculate the speciation of carbonates (equations 9-11). 

𝐷𝐼𝐶𝑐𝑜𝑛𝑣 =  
𝐷𝐼𝐶

12 𝑟ℎ𝑜
 106 

(conversion from mgC L
-1

 to µmol kg
-1

, where rho (kg m
-3

) is the water density from
,
Millero and Poisson, 

1981), 

[16] 

𝑋𝑑𝑖𝑠𝑠 =  (1 −
𝐵𝑜𝑟0

𝐶𝐴
) . 𝐾𝑏 + (1 −

𝐷𝐼𝐶𝑐𝑜𝑛𝑣

𝐶𝐴
) . 𝐾1 [17] 

𝑌𝑑𝑖𝑠𝑠 =  (1 −
𝐵𝑜𝑟0 + 𝐷𝐼𝐶𝑐𝑜𝑛𝑣

𝐶𝐴
) . 𝐾1. 𝐾𝑏 + (1 −  2.

𝐷𝐼𝐶𝑐𝑜𝑛𝑣

𝐶𝐴
) . 𝐾1. 𝐾2 

 
[18] 

𝑍𝑑𝑖𝑠𝑠 =  (1 −
𝐵𝑜𝑟0 +  2. 𝐷𝐼𝐶𝑐𝑜𝑛𝑣

𝐶𝐴
) . 𝐾1. 𝐾2. 𝐾𝑏 [19] 

𝑎𝐶𝑢𝑙𝑏 =
(𝑋𝑑𝑖𝑠𝑠2  −  3. 𝑌𝑑𝑖𝑠𝑠)

9
 [20] 

𝑏𝐶𝑢𝑙𝑏 =
−(2𝑋𝑑𝑖𝑠𝑠3  −  9. 𝑋𝑑𝑖𝑠𝑠. 𝑌𝑑𝑖𝑠𝑠 +  27. 𝑍𝑑𝑖𝑠𝑠)

54
 [21] 

𝑝ℎ𝑦𝐶𝑢𝑙𝑏 =  𝑐𝑜𝑠(
𝑏𝐶𝑢𝑙𝑏

(𝑎𝐶𝑢𝑙𝑏3)0.5
) [22] 

[𝐻3𝑂+]  =  2. 𝑎𝐶𝑢𝑙𝑏0.5. 𝑐𝑜𝑠 (
𝑝ℎ𝑦𝐶𝑢𝑙𝑏

3
) −

𝑋𝑑𝑖𝑠𝑠

3
 [23] 

𝑝𝐻 =  −log10[𝐻3𝑂+] 

Where Bor0 is the total dissolved boron concentration that can genereally be neglected 

in freshwaters (Emiroglu et al., 2010). 

 

[24] 

CO2 flux calculation  

The carbonate speciation function enables to calculate the concentration in aqueous carbon 

dioxide (CO2) (eq. 10). 

The flux (gC m
-2

 h
-1

) of CO2 at the interface of the river and the atmosphere is calculated as: 

𝐹𝐶𝑂2
=

𝑘

24
 (𝐶𝑂2 − 𝐶𝑂2𝑎𝑡𝑚). 𝑟ℎ𝑜. 10−3 

[25] 
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Monthly atmospheric CO2 (𝐶𝑂2𝑎𝑡𝑚, mgC L
-1

) were measured at Mauna Loa Observatory 

(Hawaii, U.S.A.) and provided by the NOAA/ESRL: 

(http://www.esrl.noaa.gov/gmd/ccgg/trends/, last accessed 2018/11/05), Scripps Institution of 

Oceanography (scrippsco2.ucsd.edu/, last accessed 2018/11/05). Concentration in ppm from 

Mauna Loa Observatory were converted in mgC L
-1

 using the solubility according to Weiss, 

(1974). CO2 concentration in the water (𝐶𝑂2) (mgC L
-1

) was calculated according to the 

section “ 

Carbonates system as a function of DIC”. 𝑟ℎ𝑜 (𝑘𝑔 𝑚−3) is the water density calculated by the 

International One Atmosphere Equation (Millero and Poisson, 1981).  

The flux of CO2 is depending on the gas transfer velocity (k) that can be determined from the 

temperature-normalized gas transfer velocity (𝑘600). 𝑘600 is the gas transfer velocity at a 

water temperature of 20°C.  Parametrization related to the gas exchange used 𝑘600 to compare 

systems excluding temperature physical effect. According to Wilke and Chang (1955); 

Wanninkhof (1992), the gas transfer velocity 𝑘(m d−1) can be calculated as: 

𝑘 = 𝑘600 . √
600

𝑆𝑐𝐶𝑂2
(𝑇)

 [26] 

𝑘600 is the gas transfer velocity for a Schmidt number of 600 (m d
-1

), and 𝑆𝑐𝐶𝑂2
(𝑇) is the 

Schmidt number (dimensionless) calculated with the water temperature (𝑇) in Celsius (°𝐶) 

calculated as : 

𝑆𝑐𝐶𝑂2
(𝑇) =  1911.1 − 118.11𝑇 + 3.4527𝑇2 − 0.04132𝑇3  

 

[27] 

 

For rivers of widths inferior to 100 m (SO 1-5), k600 equation used was retrieved from Alin et 

al. (2011): 

𝑘600 =
13.82 +  0.35𝑣 ∗ 100

100
 [28] 

where k600 (m d
-1

) depends on 𝑣, the water velocity (m s
-1

). 

http://www.esrl.noaa.gov/gmd/ccgg/trends/
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In general, k600 equations for rivers of widths superior to 100 m require wind velocity (e.g., 

Chu and Jirka, 2003; Alin et al., 2011; Raymond et al., 2012a). At this stage the pyNuts 

Riverstrahler model does not consider the wind as an input, which would have required a 

much higher spatio-temporal resolution to reflect it heterogeneity in the Seine basin (from 0 to 

5-6 m s
-1

) with diurnal cycle affected by phenomena as breeze (Quintana-Seguí et al., 2008). 

Thus, for river width superior to 100 m, the k600 equation from O’Connor and Dobbins, 

(1958) and Ho et al. (2016), neglecting the term related to the wind, was selected (see Annex 

2-8): 

𝑘600 =

𝑎 √
𝑣

𝑑𝑒𝑝𝑡ℎ

100
 

[29] 

where k600 (m d
-1

) depends on 𝑣, the water velocity (m s
-1

) and the river depth (m) and the 

coefficient “a”. The coefficient was test from 0 to 2 for SO6 and SO7. We found that SO6 

showed a behavior near the original coefficient of 1.539 from O’Connor and Dobbins, (1958) 

with 1.55, and the SO7 a behavior near the one of 0.77 proposed by  and Ho et al. (2016) with 

0.55. 

  



Chapter 2 I Modeling inorganic carbon dynamics in the Seine River continuum in France 

107 

Parameters, constants and equations used in the inorganic carbon module. 

Table 2-5 Parameters used in the inorganic carbon module for freshwaters 

 

 

 

  

Parameters Acronym Units Sources 

Dissociation constants 

of carbonic acid 
K1, K2 µmol l

-1
 

Harned and Scholes (1941), Harned et al. 

(1943),  

and, Millero et al. (2006) 

 

Solubility 

 

k0 

 

mol kg
-1 

atm
-1

 

 

Weiss (1974) 

gas transfer velocity k-value m h
-1

 

 

Wanninkhof (1992), Wilke and Chang (1955) 

 Alin et al. (2011, eq. for river width inferior 

to 100m) and O’Connor and Dobbins (1958) 

updated in Ho et al. (2016), for river width 

superior to 100m.  

 
water density Rho kg m

-3
 Millero and Poisson (1981) 

pH pH - Culberson (1980) 

Apparent ionization 

constant of boric acid 
Kb hPa Schubert (2011) 
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2.6.5. Annex 2-5 Representation of superficial MESO water bodies 

Groundwaters are under strong anthropogenic pressures due to water capture for drinking 

water production or pollution by agriculture. The European directive (Water Framework 

Directive - 2000/60/CE) aims to reach the good environmental status of surface and 

groundwaters and introduced the notion of groundwater bodies (French acronym: Masse 

d’Eau SOuterraine - MESO) (Fig. 2-10). These MESO units are defined by hydrogeological 

criteria (e.g., extent and characteristics of the geological layers, feeding area, hydraulic 

connection between geological layers, interaction with surface waters and associated 

terrestrial ecosystems…) and non-hydrogeological criteria (capture or the possibility of 

capture; impact of pressures, potential pollution, administrative boundaries…). The status and 

upward trends in the concentrations of any pollutant in groundwaters are followed at the 

MESO scale. The Seine basin includes 48 unconfined (fully or partially) MESO units (see 

map), they were regrouped according to the lithology and geological ages (colors) to simplify 

the representation.  

 

Fig. 2-10 Superficial MESO (Masse d’Eau SOuterraine) water bodies of the Seine basin grouped according to 

the lithology and geological ages 

  

http://sigesmpy.brgm.fr/spip.php?page=sigles&id_dictionnaire=1#sigle11
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Table 2-6 Mean concentrations and standard deviations of total alkalinity (µmole L
-1

) and dissolved inorganic 

carbon (mgC L
-1

) grouped by MESO water bodies of the Seine Basin (2010-2015). 

MESO code 
Dominant lithology and 

geological age 

TA (µmole L-1) DIC (mgC L-1) 

mean sd mean sd 

1017 

Alluvium - Quaternary 

5113 388 79 3 

2007 4454 671 75 7 

3001 4030 1018 71 12 

3002 5058 677 85 6 

3003 5288 1025 90 11 

3004 4532 992 72 10 

3005 4624 487 79 8 

3006 3960 493 69 7 

3007 4254 382 67 7 

3008 4274 832 70 10 

4060 4701 291 74 2 

4061 4701 291 74 2 

4081 1568 1462 35 16 

4092 4245 785 72 10 

3102 

carbonates, limestone  and sand 
– Tertiary 

4719 878 81 15 

3103 5453 988 76 11 

3104 5580 673 92 10 

3105 5387 768 91 7 

3106 5321 360 89 10 

3107 5264 488 86 5 

4135 3774 1011 64 11 

3201 

chalk and sand - Cretaceous 

5264 488 83 4 

3202 4574 546 76 6 

3204 4831 389 81 1 

3205 5192 470 83 5 

3206 5134 576 83 7 

3207 4268 941 70 11 

3208 3911 866 64 10 

3209 4169 680 69 8 

3210 4669 590 75 6 

3211 4173 801 67 10 

3212 4713 401 77 4 

3214 5172 941 87 12 

3215 4394 1202 73 13 

3216 4732 1011 77 11 

3217 5002 481 77 4 

3218 4590 995 75 12 

3301 

Limestone and marl - Jurassic 

1660 346 41 5 

3303 5120 467 82 6 

3304 4939 265 78 4 

3305 5236 971 88 12 

3306 4629 754 77 8 

3307 4907 585 80 6 

3309 4938 365 81 4 

3310 4454 671 75 7 

3401 
Limestone and detrital – Lias 

and Trias 
5053 699 82 8 

3501 Primary and anterior basements 
- Devonian 

765 228 25 4 

3508 663 683 27 9 
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2.6.6. Annex 2-6: Sampling strategies and protocol for the sampling of 

wastewater treatment plants sampled in the Seine Basin  

Table 2-7. Location of the sampled WWTPs. Their capacity and type of treatment are indicated. Values for TA, 

DIC, pH and pCO2 are gathered.  

WWTPs Location 
Capacity 

(Inhab. Eq.) 
Water treatment 

TA               

(µmole L-1) 

DIC               

(mgC L-1) 
pH 

pCO2 

(ppmv) 

Butry 49°04’60N, 2°12’00E 6105 Low load actived sludge 5885 76.27 7.3 31723 

Auvers 49°04’00N, 2°10’00E 34,300 Biostyr NDN and PDN 3700 53.39 7.26 28723 

Dammarie 48°30'57"N, 2°36'43"E 80,000 Biostyr 4800 68.55 7.45 17268 

Rosny 49°0'7"N, 1°39'11"E 120,000 Biological active sludge 4500 55.50 7.4 18651 

Troyes 48°20'5"N, 4°2'37"E 300,000 
P, biostyr, Ni-denit + 

post denit 
#N/A 86.31 7.4 29930 

Seine Centre 48°55'58"N, 2°14'43"E 800,000 
P, biostyr, Ni-denit + 

post denit 
3590 47.44 8.17 #N/A 

St-Thibault-

des-Vignes 
48°52'20"N, 2°40'27"E 400,000 

P, biostyr, Ni-denit + 

post denit 
5660 73.55 7.40 15732 

SAV 
48°58′25″ N, 

2°09'56"E  

6,000,000 
P, biostyr, Nit-denit + 

post denit 
2915 #N/A 7.91 #N/A 

Inputs of the model (weighted average per capacity): 3993 69.75 
  

 

Water samples were filtrated on combusted filters (4h at 500°C: GF/F 0.7 µm, 25mm), and 

filtrates enabled measurement of DIC and TA concentrations. Dissolved inorganic carbon was 

analyzed with a TOC analyzer (Aurora 1030). Nongaseous DIC analyses required 

acidification of the filtrated sample by adding sodium persulfate reagents (100 g L
-1

) to 

dissociate the carbonates in the CO2 that were detected with non-dispersive infrared gas 

analysis (IRGA). TA (µmol kg-1) was analyzed using an automatic titrator (TitroLine® 5000) 

on three 20 mL replicates of filtered water (GF/F: 0.7 μm), with hydrochloric acid (0.1 M). 

  

https://fr.wikipedia.org/wiki/Station_d%27%C3%A9puration_Seine_Aval#/maplink/1
https://fr.wikipedia.org/wiki/Station_d%27%C3%A9puration_Seine_Aval#/maplink/1
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2.6.7. Annex 2-7: Relationships between alkalinity and water discharges 

or phytoplankton  

 

Fig. 2-11. Relationships between observations averaged by decades on the period 2010-2013 of a) alkalinity 

(µmol L
-1

) and water discharges (m
3
 s

-1
), and b) alkalinity (µmol L

-1
) and phytoplankton (mgC L

-1
) at the four 

stations studied: upstream Paris (upstream), Paris, downstream SAV (Down. SAV), and at the outlet (Data 

source: AESN). 

2.6.8. Annex 2-8: Impact of the choice of the gas transfer velocity 

formalisms and the water effluent discharges on the main stem CO2 

concentrations. 

Fig. 2-12. Mean CO2 concentrations along the main stem of the Seine River depending of a) gas transfer 

velocities according to O’Connor and Dobbins, (1958) (neglecting the wind); Raymond et al., 2012a,  equation 5 

in Table 2-2); Ho et al. (2016) (neglecting the wind). Black curve is the reference of our study and grey curve is 

a simulation with no gas transfer velocity. b) simulations with no discharge of TA and DIC from WWTPs. 
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Abstract 

Largest river flowing into the English Channel, the Seine discharges over 700 Gg of carbon 

(C) every year into the sea mostly under the form of Dissolved Inorganic Carbon (DIC) and 

emits 445 Gg under the form of carbon dioxide (CO2) to the atmosphere over its entire river 

network. The latter, which drains 76,000 km
2
, is heavily populated with 18 106 inhabitants 

and is thus submitted to large anthropic pressure. The offline coupling of two Reactive 

Transport Models is used to understand the complex spatial and temporal dynamics of carbon, 

oxygen and nutrients and quantify the CO2 exchange at the air-water interface along the main 

axis of the river. The estuarine section of the Seine is simulated by the generic estuarine 

model C-GEM (for Carbon Generic Estuarine Model), while the upstream part of the network, 

devoid of tidal influence is simulated by the pyNuts-Riverstrahler modeling platform which 

also includes an explicit representation of the drainage network ecological functioning. Our 

simulations provide a process-based approach to assess nutrients, oxygen, total organic carbon 

(TOC) and the carbonate system (DIC and alkalinity) over the entire year 2010. Our coupled 

modelling chain allows quantifying the respective contributions of the estuarine and 

freshwater sections of the system in the removal of carbon as well as following the fate of 

TOC and DIC along the river network. Our results also allow calculating an integrated carbon 

budget of the Seine river network for year 2010. 

 

 

 

 

 

Keywords: Dissolved Inorganic and organic Carbon, Carbon dioxide, Reactive-transport 

model, Seine River and Estuary, Biogeochemical budget.  
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3.1. Introduction 

At the interface between the oceanic and terrestrial realms, rivers and estuaries transport ~0.9 

Pg C (organic and inorganic) every year into coastal seas (Regnier et al., 2013; Resplandy et 

al., 2018). Generally oversaturated in carbon dioxide (CO2) with respect to the atmosphere, 

these systems collectively further emit between 0.8 and 2.0 Pg C every year into the air under 

the form of CO2 (Cai, 2011; Regnier et al., 2013; Laruelle et al., 2013;
 
Raymond et al., 2013a; 

Lauerwald et al., 2015). Because of this significant role as carbon filters, rivers and estuaries 

are critical components of the Land-Ocean Aquatic Continuum (LOAC) and have been under 

growing scrutiny over the past decade (Cole et al., 2007; Battin et al., 2009; Bauer et al., 

2013; Regnier et al., 2013). However, large uncertainties are still currently associated to the 

quantification of global CO2 fluxes at the air-water interface in these systems, partly due to 

the scarcity of data available to constrain such global budgets and also due to the difficulty to 

derive reliable annual estimates of the CO2 exchange with the atmosphere at the system scale 

(Regnier et al., 2013a). For instance, the global outgassing of CO2 taking place in rivers have 

been estimated at 0.6 and 1.8 Pg C yr
-1

 only two years apart by Lauerwald et al. (2015) and 

Raymond et al. (2013a), respectively, and the global outgassing of CO2 from estuaries has 

been successfully revised downward from 0.4 - 0.6 Pg C yr
-1

 (Abril and Borges, 2004; 

Borges, 2005; Borges et al., 2005; Chen and Borges, 2009) to 0.1 – 0.15 Pg C yr
-1

 over the 

past decade (Laruelle et al., 2013; Chen et al., 2013). Even at the scale of a single system, 

short scale spatial and temporal gradients (of the order of kilometers and days) cannot be 

captured by a realistic monitoring network. Moreover, the origin of the carbon outgassed (i.e. 

oversaturated waters in DIC versus degradation of organic carbon) is also largely unknown in 

most systems. Spatially and temporally resolved numerical models are necessary to capture 

the CO2 dynamics at the air-water interface, both in time and space (Regnier et al., 2013a). In 

this context, Reactive Transport Models (RTM) allow reproducing the changes in chemical 

species concentrations due to both transport and biogeochemical transformations, thus 

providing a mechanistic insight into the fate of chemical species of interest in riverine and 
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estuarine environments (Volta et al., 2014, 2016a&b; Romero et al., 2018; Marescaux et al., 

in prep).  

Here, the application to the Seine estuary-river system of the generic transport reactive model 

C-GEM (for Carbon Generic Estuarine Model, Volta et al., 2014) combined with pyNuts-

Riverstrahler (Thieu et al., 2015; Raimonet et al., 2018) allows understanding the carbonate 

system dynamics in a well monitored and intensively studied system. Fully transient 

simulations over the entire year 2010 are performed to quantify the annually integrated CO2 

exchange at the air-water interface and better understand the evolution over the year and 

along the estuarine-river continuum of the CO2 exchange with the atmosphere and organic 

carbon degradation as well as the longitudinal variations of inorganic to organic carbon ratio 

in response to anthropic pressures. While Riverstrahler, and its simplistic derived application 

to the estuary, has been thoroughly validated for the Seine River over the years (Garnier et al., 

2008, 2010), this integrated study is the first application of C-GEM to the Seine estuary. 

Moreover, the version of Riverstrahler used in our simulations includes a new biogeochemical 

module which explicitly resolves the complex carbonate system dynamics (Marescaux, 2018). 

The first part of the results section thus consists of a validation of the hydrology of C-GEM in 

the estuarine section of the river domain. Then, the ability of both models to capture carbon, 

oxygen and nutrients dynamics is assessed over the year 2010. These simulations allow better 

understanding the fate of organic and inorganic carbon throughout the river network and the 

respective contributions of the different sections of this river network to the conversion of 

organic carbon into DIC and the outgassing of CO2 into the atmosphere. A comprehensive 

carbon budget is then assembled which allows quantifying the organic to inorganic carbon 

ratio in the different section of the Seine river network (i.e. the estuary, between Poses and 

Paris and upstream of Paris). 
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3.2. Methods  

3.2.1. Study area 

Largest river to flow into the English Channel both in terms of nutrients, carbon loads and 

fresh water discharge, the Seine River hosts in its central part a large urban area (the Paris 

conurbation: 12.4 M inhab), a very dense industrial network (40% of French industries) and 

the biggest wastewater treatment plant in Europe (The Seine Aval WWTP: 1.5 Mm
3 

d
-1

). 

Further downstream, the Rouen conurbation (0.4 M inhab) appears nowadays as a new pole of 

economic development, thus forming the “Grand Paris” (Attali, 2010) which steer urban 

sprawling along the Seine axis from Paris to the sea shore at Le Havre (Fig. 3-1). The Seine 

watershed also supports intensive cropping activities with 57 % of land devoted to intensive 

agriculture. 

The Seine estuary is characterized by tidal amplitudes comprised between 3 and 8 m at its 

mouth in Le Havre and a tidal penetration of 168 km up to a dam located at Poses (upstream 

area : 64,860 km² which corresponds to 85% of the Seine watershed, Fig. 3-1). At the 

estuarine mouth, the water discharge ranges from less than 200 m
3
 s

-1
 in summer to over 1500 

m
3
 s

-1
 under high water conditions in winter with an average of 490 m

3
 s

-1 
over the 2010-2013 

period (Marescaux et al., 2018). Our simulation domain includes the entire river network 

which is subdivided into three main areas: the estuary, simulated by C-GEM between Le 

Havre and Poses, the mid-section of the Seine between Poses and Paris and, finally all 

tributaries located upstream of Paris (Fig. 3-1). Over this domain, the main axis of the Seine is 

fed by 3 major tributaries. The Eure (6000 km²) and the Risle (2300 km²) are both located 

within the extension of the tidal influence (16 and 152 kilometers from the mouth of the 

estuary, respectively) while the Oise (17,000 km²) joins the main river 70 km downstream of 

Paris and delivers 20 % of the freshwater of the entire system. In addition, a large WWTP 

located in Rouen (kilometer 116) discharges 76,000 m
3
 d

-1
 of treated effluents and 

significantly affects the biogeochemistry of the system. 
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Fig. 3-1 Map of the Seine river network including its main tributaries. The model extends upstream of Paris to 

the confluence with the Marne River 

3.2.2. Modeling strategy 

Our study relies on the off-line coupling of two transient, spatially discrete models: C-GEM 

and pyNuts-Riverstrahler. C-GEM is a recently developed generic estuarine model (Volta et 

al., 2014, 2016b) which has already been applied to several estuaries distributed along the 

coast of the North Atlantic Ocean (Volta et al., 2016b; Laruelle et al., 2017a) while the 

pyNuts-Riverstrahler platform is a well-established model coupling watersheds and river 

network (Garnier and Billen, 1994; Billen et al., 1994; Thieu et al., 2015). Simulations similar 

to those described in Marescaux (2018) are first performed with pyNuts-Riverstrahler for year 

2010 over the entire Seine watershed. Then, the estuarine section of the main axis of the Seine 

River located between Poses (kilometer 168) and Le Havre (estuarine mouth, kilometer 0) is 

modeled by C-GEM using the outputs simulated by pyNuts-Riverstrhaler at Poses as 

upstream boundary conditions (Table 3-1). In addition, the several tributaries located 

downstream of Poses, which are also explicitly simulated by Riverstrahler are accounted for 
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as point sources into C-GEM (the Risle, Austerberthe, Cailly, Andelle and Eure Rivers, Fig. 

3-1). Downstream, C-GEM is constrained by modeling results from the ECO-MARS3D 

model at Le Havre (Romero et al., 2018b) (Table 3-1). Both C-GEM and Riverstrahler 

include an explicit description of suspended particulate matter (SPM) which accounts for 

erosion and deposition processes as a function of the flow velocity. The explicit description of 

the SPM modules for C-GEM and Riverstrahler are described in Volta et al. (2014) and Billen 

et al. (2015, 2018) respectively.The equations should be inserted in editable format from the 

equation editor. 

Table 3-1 State variables of C-GEM and boundary conditions. 
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3.2.3. Modeling chain description 

C-GEM 

C-GEM is a generic depth-averaged one-dimensional reactive transport model designed to 

simulate estuarine hydrodynamics, transport and pelagic biogeochemistry of alluvial estuaries 

with relatively little data and computation demand. The hydrological module of C-GEM and 

underlying hypothesis are extensively described in Volta et al. (2014) and the biogeochemical 

reaction network used in the present study is presented as in Volta et al. (2016b). The model 

combines a set of algorithms for advection and dispersive transport of solids and solutes and 

mixes multi-component biogeochemical reactions with a 1-D hydrodynamic description. The 

C-GEM hydrodynamic module requires specification of the river discharge and the tidal 

amplitude at the estuarine mouth, and is supported by a simplified representation of the 

estuarine geometry. This geometry is adequate to describe the shape of tidal estuaries 

(Savenije, 1992, 2012; Volta et al., 2014) and only requires the implementation of a limited 

number of geometrical parameters (Table 3-2), such as the estuarine length and depth, as well 

as the channel width (B0) at both marine and land limits. In the particular case of the Seine 

estuary, two convergence lengths (CL) were used to best represent the observed width profile 

of the system (Fig. 3-2a). Over the first 32 kilometers of the estuary, B0=10,000 m and CL= 

10,700 m. From this point forward and until Poses, the width was calculated using B0=480m 

and CL= 105,500m. The depth profile was approximated by a regular increase from 4.8m at 

the mouth to 6.8m 152 kilometers upstream (i.e. Caudebec) followed by a linear decrease to 

2.3m at the end of the tidal influence at kilometer 168 (Fig. 3-2b). The use of relatively simple 

representations of the depth profile was proven sufficient to reproduce the hydrodynamics and 

transport of several tidal estuaries with C-GEM in previous studies (Scheldt and Elbe 

Estuaries in Volta et al., 2016b and Delaware Bay in Laruelle et al., 2017b for instance). 
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Table 3-2 Geometrical and hydrodynamic parameters in the idealized geometry of the Seine estuary. 

 

 

 Fig. 3-2 Width and depth profiles of the Seine estuary from its mouth to Poses. Red dots correspond to 

observations while black lines correspond to the values used to constrain C-GEM’s geometry 
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pyNuts-Riverstrahler 

pyNuts-Riverstrahler is a modelling environment written in python (the “py” prefix), setting 

up the Riverstrahler generic model of water quality for describing the cycling of carbon and 

nutrients (“Nuts” suffix) in large river systems (Billen et al., 2015, 2018; Raimonet et al., 

2018). Biogeochemical processes are simulated within the water column (assumed perfectly 

mixed), at the water-atmosphere interface (for gaseous variables), at the interface with benthic 

sediments (see Billen et al., 2015), and at the interface with terrestrial part of the watershed, 

namely the riparian zone (see Billen et al., 2018). 

It allows simulating seasonal (with a 10 days period resolution) and spatial (with a kilometric 

resolution) variations in the drainage network from small perennial streams to larger stem. 

The pyNuts-Riverstrahler covers the entire drainage network, and requires as inputs a 

spatially explicit knowledge of agricultural diffuse sources and urban point sources, as far as 

constraints imposed by the morphology of the rivers, weather and climate, thus forming the 

upstream limit conditions of the river model. 

The genericity of the Riverstrahler model has been demonstrated throughout successful 

applications to contrasted fluvial basins, from temperate climate including (among other) the 

Mosel (Garnier et al., 2000), the Danube (Garnier et al., 2002), the Scheldt (Thieu et al., 

2009) among other, sub-tropical climate as the Red River (Le et al., 2014) or the Nam Kan 

river (Causse et al., 2015) and under nordic climate, such as the Kalix and Lule rivers 

(Sferratore et al., 2008). The Riverstrahler model has also been chained with the coastal 

marine model (Eco-Mars 3D, Cugier et al., 2005), extended to the estuarine part in terms of 

hydrosedimentary representation (Passy et al., 2016), and with nutrient description (Romero 

et al., 2018b). The development of the pyNuts modeling environment has made it possible, 

with the same intention, to develop continental applications of the Riverstrahler to multiple 

hydrosystems on an entire marine façade in Western Europe (Desmit et al., 2018). 
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Biogeochemical description  

The biogeochemical modules of C-GEM and pyNuts-Riverstrahler include similar key state 

variables and processes in spite of a greater level of complexity of Riverstrahler’s reaction 

network (Fig. 3-3). Both models include an explicit description of all nutrients (nitrate, 

ammonium, phosphates and dissolved silica), dissolved oxygen, phytoplankton and a 

representation of the carbonate system. C-GEM only simulates diatoms and non-diatoms, 

while pyNuts-Rivestrahler described biogeochemical cycles including their interactions with 

biological compartments, including three functional phytoplankton groups (diatoms, 

Chlorophyceae, and Cyanobacteria), zooplankton (rotifers and microcrustaceans) and 

heterotrophic bacteria (small autochthonous and large allochthonous) as well as nitrifying 

bacteria. The most significant difference between both models regards the benthic 

compartment which is ignored in the current version of C-GEM while pyNuts-Riverstrahler 

explicitly takes into account a benthic module (recently updated: Billen et al., 2015) 

simulating exchanges with the water column for several variables (benthic organic matter, 

inorganic particulate phosphorus, benthic biogenic silica). The lack of benthos in C-GEM is 

implicitly compensated by the assumption that, in the estuary, denitrification especially occurs 

in the turbidity maximum zone within the water column. Both models use invariant 

parameterization within their respective simulation domain thus assuming homogeneity of the 

physiological properties of organisms along the river network (Garnier et al., 2002) but use 

different parametrizations between the riverine and estuarine sections of the Seine. pyNuts-

Riverstrahler have been extensively validated for the Seine River and the set-up used for the 

current study is identical to that described in extenso in Marescaux (2018). C-GEM relies on a 

generic parametrization derived from a large collection of modeling studies performed on 

temperate estuaries (Volta et al., 2016a). Several modifications to this generic estuarine 

parameterization were implemented during the calibration stage (namely, the rate of aerobic 

degradation of organic matter which was increased from 6.08 10
-4

 µMC s
-1 

to 1.2 10
-3

 µMC s
-

1
, the half-saturation constant for TOC degradation which was decreased from 183 µMC to 

100 µMC and the nitrification rate which was increased from 2.73 10
-5

 to 5 10
-4

 µMN s
-1

) but 
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these calibration values all fall with ranges reported by the literature survey of Volta et al. 

(2016a).  

Finally, both models include similar inorganic carbon module, which allows quantifying the 

estuarine inorganic carbon dynamics. The latter is a recent development of pyNuts-

Riverstrahler described in extenso in Marescaux (2018) while its implementation in C-GEM is 

described in Volta et al. (2014) and derived from Arndt et al. (2011). In both models pH is the 

main variable controlling the estimation of dissolution and hydration of CO2. Its computation 

follows numerical schemes provided by Culberson (1980, for pyNuts-Riverstrahler) and 

Follows et al. (2006, for C-GEM) using iterative procedures, which accounts for total (TAlk) 

and carbonate alkalinities. While the model accounts for borate species, contributions from 

ammonium, fluorine, phosphate, silicate, sulfide and other minor species are neglected 

because their concentrations are much lower than those of carbonate species (Vanderborght et 

al., 2002). In the estuarine model (C-GEM), the apparent equilibrium constants for CO2 

solubility and dissociation of water (H2O), carbonic acid (HCO
−

3), bicarbonate (CO
2−

3), and 

boric acid (B(OH)
−

4) are functions of temperature and salinity following equations described 

in Cai and Wang (1998) and Dickson et al. (1992). In the riverine model, the influence of 

boric acid is not taken into account as it can generally be neglected in freshwaters (Emiroglu 

et al., 2010). 
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 Fig. 3-3 Simplified conceptual scheme of the share of state variables and processes between C-GEM and 

Riverstrahler models. The two models simulate nutrients as N ( NO3, NH4), P (PO4, Total P) Si (DSi, BSi in 

Riverstrahler only). In the Riverstrahler, both dissolved (DOC) and particulate (POC) carbon are modelled 

according to 3 classes of degradability (rapid, slow and refractory); heterotrophic bacteria (BAC) are described 

as large and small, and the zooplankton (ZOO) includes micro-crustaceans and rotifers-cillates  
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3.2.4. Simulations Set-up 

2.4.1. Numerical schemes  

C-GEM calculations for transport and reaction are solved in sequence by applying an operator 

splitting approach (Regnier et al., 1998; Regnier and Steefel, 1999) and a finite difference 

scheme of a regular grid (Δx=2000m) with a time step Δt=150s. The reaction network is 

formulated and numerically resolved as described in Volta et al. (2014). Each simulation 

begins with a spin-up period of 2 months using the boundary conditions and forcing of the 

first tidal cycle, which ensures that the system reaches steady-state conditions.  

pyNuts-Riverstrahler calculations are based on a Lagrangian description of carbon and 

nutrient transformation along the drainage network (idealized as a regular scheme of 

confluences) taking into account sources and/or dilution by lateral water from direct 

watersheds and assuming permanent hydrological conditions every 10 days-period. 

Biogeochemical processes simulated are incremented according to the residence time of the 

water masses with a 6 minutes time step. Climatic constraints such as light and temperature 

are described with daily variations, while both point and diffuse sources concentrations are 

averaged over the simulated year. 

C-GEM uses the outputs of Riverstrahler as upstream boundary conditions for phytoplankton 

concentrations, nutrients, organic and inorganic carbon, SPM, as well as water discharge. The 

following section describes the specifics of the coupling between both models for each state 

variable and described the other forcing required to perform the simulations. 

2.4.2. Model coupling and boundary conditions 

C-GEM requires to be forced with a set of boundary conditions upstream and downstream. 

These include concentrations for all state-variables of the model and time series for water 

elevation at the marine boundary as well as fresh water discharge at the riverine boundary. 

Most of these data are provided by outputs of the ECO-MARS3D model (Romero et al., 

2018b) at the downstream boundary and by Riverstrahler at the upstream boundary. 
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Downstream, all required inputs were available at a 1 hour temporal resolution, which allows 

capturing the tidal cycle. For each state variable, the concentration used as boundary condition 

was calculated by averaging in width and depth the concentrations extracted from ECO-

MARS3D along a North-South transect interception the estuarine mouth at the longitude of 

0.1°E. The only state variables not provided by ECO-MARS3D were DIC and TAlk. The 

latter was thus extracted from a recent global monthly climatology for oceanic alkalinity 

(Broullón et al., 2018). Monthly values for DIC were then calculated, using CO2SYS (van 

Heuven et al., 2011) from these TAlk values and monthly pCO2 estimates extracted from the 

global coastal pCO2 climatology of Laruelle et al. (2017a). 

At the upstream boundary condition, all state variables required to run C-GEM were provided 

by the outputs of Riverstrahler at Poses (kilometer 168) at a temporal resolution of 10 days 

except for salinity which was assumed to be null. Linear interpolations were performed to 

generate continuous values for each calculation time-step in C-GEM. Five tributaries 

connecting the main axis of the Seine River downstream of Poses were also taken into 

account as point sources following the procedure described in Volta et al. (2014, 2016b): the 

Risle, the Austreberthe, the Cailly, the Eure and the Andelle are respectively injected at 16, 

88, 124, 152 and 166 kilometers away from the estuarine mouth, and the effluents of the 

Rouen conurbation injected at kilometer 111 (Fig. 3-1). 
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3.3. Results  

3.3.1. Model validation 

Hydrodynamics and transport 

The performance of the hydrodynamics module was first evaluated through a series of steady 

state simulations under varying discharge and tidal conditions (Fig. 3-4). A set of six 

increasing tidal amplitudes from 3.1m to 7.7m were applied at the marine boundary. The 

selected range of tidal amplitudes at the mouth corresponds to six tidal coefficients (C35, 

C45, C65, C80, C95 and C115) on a scale ranging from 20 to 120. The smallest (C35) and 

largest tidal coefficients (C115) represent extreme spring and neap tides, respectively. Two 

values of fresh water discharges were applied at the riverine boundary condition. The lowest 

value (250 m
3
 s

-1
) is roughly equivalent to summer moderate regime conditions while the 

highest value (800 m
3
 s

-1
) is equivalent to a moderately high water regime at Poses (based on 

long term discharge chronicle available in the BanqueHydro database, 

http://hydro.eaufrance.fr/, last accessed November 2018). The longitudinal profile of the tidal 

amplitude under the 12 possible combinations of the tidal amplitude and water discharge was 

compared to average profiles derived, for similar conditions, from observations collected by 

18 tidal gauging stations located along the estuarine length provided by the ‘Grand Port 

Maritime de Rouen’ (Fig. 3-4). The match between both models is very good under all 

conditions with average RMSE < 30cm over the entire profile and in particularly good 

agreement under average conditions (i.e. tidal amplitudes at the mouth comprised between 4 

and 7m, Fig. 3-4, panels c to h). 

http://hydro.eaufrance.fr/
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 Fig. 3-4 Simulated tidal amplitude profiles along the Seine estuary under varying discharges (Q) and tidal 

coefficients (C). The black lines are simulated by C-GEM while the red dots are observations from the SHOM.   
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The propagation of the tidal amplitude along the estuary is characterized by a gradual 

decrease of the tidal amplitude throughout the first 50 kilometers of the estuary followed by a 

70 kilometers long section within which the tidal amplitude decreases at a slower rate. For 

any given tidal amplitude at the mouth, profiles under high and low water discharges are 

relatively similar until kilometer 120. After this point, the tidal amplitude decreases sharply in 

all simulations, as water depth reaches 4 meters, to only about 1 meter by kilometer 150 under 

high discharge and 2 meters under low water discharge. The tidal propagation is stopped by a 

dam at Poses and the river is devoid of tidal influence upstream of this limit. Note that, 

because of the significant fluvial traffic in the Seine, the water discharge is regulated at Poses 

thus preventing extreme fresh water flows that could significantly modify the salt water and 

tidal intrusion in the estuary. 

A transient simulation was performed with the full hydrodynamics and transport modules 

over the entire year 2010. Because of its relatively short convergence length compared to its 

width at the mouth, the Seine estuary is marine-dominated, which translates into a relatively 

short saline intrusion (Savenije, 2012). In our simulations, salinity never exceeds 1 further 

than 30 kilometer upstream. A limited number of measurements in the downstream portion of 

the estuary at stations Honfleur (kilometer 16) and Tancarville (kilometer 32) only allows 

assessing performances of the model against field data under the form of longitudinal salinity 

profile. Fig. 3-5 (left panels) presents six such longitudinal profiles reconstructed for the year 

2010. These profiles reveal that observations always fall within the range reported by the 

model over a full tidal cycle but also that the magnitude of the salinity change between 

kilometers 10 and 20 is usually quite large. Also, our simulations reveal that the extension of 

the salinity intrusion is always comprised between 20 and 30 kilometers from the estuarine 

mouth regardless of the tidal or freshwater discharge conditions, which is consistent with 

observations (Morelle et al., 2018) and previous modeling studies (Grasso et al., 2018). 
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 Fig. 3-5 Salinity (left panels) and SPM profiles (rights panels) along the Seine estuary for 6 dates. Dots 

correspond to measurements, while grey dots correspond to simulated values over 2 tidal cycle for salinity and 

20 for SPM 

Longitudinal profiles of SPM were also analyzed and compared with observations (Fig. 3-5, 

right panels). Overall, the model properly captures the characteristic maximum of SPM 

around kilometer 20-30 which varies in intensity between 0.4 and 1.2 g l
-1

 depending on the 

tidal amplitude, the water discharge and its SPM charge. The comparison between model and 
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observation reveals a good match and is consistent with previous modeling studies (Grasso et 

al., 2018). Overall, the range of SPM concentrations predicted over 20 tidal cycles 

encompasses 88% of the observations and the location of the turbidity maximum is usually 

captured accurately by the model. The results reported compile values over a 10 days period 

in order to match the time step of the upstream boundary condition of the estuarine model for 

SPM concentrations and water discharge provided by pyNuts-Riverstrahler at Poses.  

Biogeochemistry 

Fig. 3-6 displays the temporal evolution of concentrations for chlorophyll a, ammonium 

(NH4), nitrate (NO3), phosphate (PO4), dissolved silica (DSi), dissolved oxygen (O2), TOC 

and the carbonate system (i.e., DIC, TAlk, pH and pCO2) at five locations which combines 

outputs of both C-GEM and pyNuts-Riverstrahler along the main axis of the Seine. For each 

variable and location, time series are provided and compared with field measurements. The 

five locations correspond to the upstream end of the turbidity maximum zone (TMZ, 55 

kilometers from the estuarine mouth), 115 kilometers upstream of, where the tidal amplitude 

is about half of that at the marine boundary, in Poses (kilometer 168) where both models are 

connected, and at kilometers 208 (upstream of Poses) and 300 (1 km before the Oise 

confluence), within the domain simulated by pyNuts-Riverstrahler. 

In our simulation, phytoplankton concentrations (represented by Chl. a, calculated as the sum 

of all phytoplankton species and converted from µmol C l
-1

 into mg Chl. a m
-3

) are 

characterized by a maximum in late Spring. This phytoplankton bloom is delayed by about a 

month compared to the observations and displays relatively constant values throughout the 

entire system until Honfleur. At this point, because of the combined effects of dilution and 

light attenuation generated by SPM preventing primary production, phytoplankton 

concentrations slightly decrease and never exceed 20 mg Chl.a m
-3

 at the marine boundary 

condition. The phytoplankton maximum is concomitant with the seasonal consumption of 

nutrients, particularly noticeable for DSi and NH4. The latter is also characterized by a 

decrease along the upstream-downstream axis, in spite of several punctual injections 
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corresponding to the discharge of the different tributaries as well as the waste water treatment 

plant located in Rouen. NO3 display relatively constant concentrations (~500 µmol l
-1

) along 

the river/estuarine gradient until the strong marine dilution taking place from kilometer 20 

until the estuarine mouth after Honfleur where the width of the estuary increases 

exponentially because of the change in convergence length (Fig. 3-2b). Data reveal a summer 

maximum in PO4 throughout the entire system, which is captured by the model, although 

over-estimated in the estuarine section. Overall, there is nonetheless a relatively good match 

between modelled and observed nutrient levels in spite of a slight over-estimation of NO3 and 

PO4 during the warmest month of the year in the estuarine domain and an over estimation of 

the DSi consumption in late spring generated by the delayed phytoplanktonic bloom in the 

simulations. Dissolved oxygen also displays seasonal variations with maximum values >400 

µmol O2 l
-1

 in winter and a drop below 300 µmol O2 l
-1

 in the heat of summer. O2 is the 

variable which displays the best match between model outputs and observations at all 

locations. 

Time series for TOC, DIC and TAlk also reveal a relatively good fit with observations. TOC, 

which displays little seasonal variability and a progressive consumption from Paris to the 

estuarine mouth, is slightly over estimated by the model, particularly towards the end of the 

year. At kilometer 58, 111 and 308, the fit between modeled and observed TOC is very good 

until day 250. DIC and TAlk are both comprise between 3500 and 4500 µmol C l
-1

 in all 

locations throughout the year and display lower values between days 200 and 300. These 

seasonal variations are well captured by the model which predicts DIC with accuracy while 

slightly underestimating TAlk. pH and pCO2 predicted by both models are relatively close to 

observations in terms of seasonal average but also struggle to capture the seasonal signal 

observed in the data. Together, both models are able to simulate the progressive increase in 

pH from 7.8 in Paris to 8.1 at the estuarine mouth but the seasonal dip taking place in summer 

is only adequately reproduced by pyNuts-Riverstrahler at kilometer 208. Downstream, a pH 

maximum develops around day 150, as a consequence of the late phytoplankton bloom 

simulated by the model while observations report an annual minimum. The opposite seasonal 
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trend is observed for pCO2 which is characterized by baseline values mostly comprised 

between 2000 and 3500 ppm in winter but exhibits a maximum in summer with values in 

excess of 10,000 ppm in Poses, which are not captured by the models, especially in the 

estuarine section. In our simulations, pCO2 does not exhibit any seasonal variations 

downstream of Poses and remains essentially bounded between 2500 and 4000 ppm over the 

entire estuarine section. The propagation of this seasonal mismatch at the boundary condition 

between both models (Poses) results in an underestimation of pCO2 in the estuarine section 

between days 120 and 180.  
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 Fig. 3-6 Time series for Chl. a, NH4, NO3, dSi, PO4, O2, DIC, TAlk, pH and pCO2 at five stations along the main axis of the Seine. Red dots correspond to measurements 

while black lines correspond to simulation outputs 
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3.3.2. Carbon dynamics 

Processes controlling the carbon dynamics along the Seine River and estuary 

A mechanistic understanding of the carbon dynamics along the main axis of the Seine can be 

provided by the analysis of the respective contributions of aerobic degradation (Respiration), 

denitrification, Net Primary Production (NPP) and CO2 outgassing to the change in DIC and 

TOC concentrations along the main axis of the Seine between Le Havre and Paris (Fig. 3-7). 

The use of width-integrated yearly averaged rates allows analyzing the CO2 dynamics per unit 

length of estuarine segment and identifying variations all along the domain that would 

otherwise be difficult to compare by using volume/surface-integrated estimates (Fig. 3-7a,b). 

In parallel, Fig. 3-7c,d also reports those rates per unit surface area which provides insight 

regarding the intensity of the biogeochemical processes controlling the fate of carbon. 

 

 Fig. 3-7 Longitudinal profiles along the main axis of the Seine of the different processes affecting the DIC (a, c) 

and TOC pools (b, d). In the top panels (a, b), the process rates are integrated over the Seine’s width while they 

are reported per surface area in the bottom panels (c, d). Zero is the mouth of the estuary in Le Havre, vertical 

dashed lines, represent Poses, Paris corresponds to the km 370. 
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The main process responsible for changes in DIC along the river-estuarine gradient is CO2 

outgassing (a loss represented negatively), which goes increasing from Paris until Poses and 

reduces DIC concentrations in water (Fig. 3-7a). In terms of outgassing intensity per surface 

area, however, the rates simulated in the estuarine and riverine sections of the model are 

comparable (Fig. 3-7c). In the estuary (km 0 to 168), the outgassing of CO2 increases from 0.2 

gC d
-1

 m
-2

 to 3 gC d
-1

 m
-2

 between Poses to 30 kilometers upstream of Le Havre and drops 

sharply towards the estuarine mouth. The width integrated fluxes reveal that, in spite of lower 

emission rates, the 50 most downstream kilometers of the system account more than half of 

the total CO2 flux towards the atmosphere (51%) as a consequence of the exponential 

widening of Seine towards the sea (Fig. 3-2a). The dominant instream biogeochemical source 

of DIC for the system is the aerobic degradation of organic matter, which displays a 

progressive increase from Paris (0.04 gC d
-1

 m
-2

) to Poses (2 gC d
-1

 m
-2

) and sustains a rate 

comprised between 0.8 and 1.2 gC d
-1

 m
-2

 in most of the estuarine section, except for the 20 

most downstream kilometers. Primary production and denitrification only contribute 

marginally to the DIC balance of the system and the net change in DIC is negative all along 

the simulated river-estuarine continuum. 

Along its journey through the main axis of the Seine from Paris to the estuarine mouth, 

organic matter is mostly converted into DIC with a negative net change comprised between -

0.1 and -2 gC d
-1

 m
-2

. This consumption is almost exclusively driven by aerobic degradation 

and denitrification is almost negligible. The latter is nonetheless slightly more intense in the 

estuarine section of the Seine but remains two orders of magnitudes less intense than 

respiration. The source terms for organic carbon (i.e. NPP) never exceed 0.1 gC d
-1

 m
-2

 and 

reaches 100 kgC d
-1

 km
-1

 at the estuarine mouth. Overall, these profiles reveal that the main 

axis of the Seine barely produces organic matter instream and is essentially sustained by 

tributaries and lateral inputs while converting a large proportion of the organic carbon 

produced upstream into DIC. 
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Integrated budget of the Seine estuarine/river network 

Every year, 1204 Gg C are injected into the Seine river network, including 101 Gg C yr
-1

 

under the form of organic carbon as diffuse and point sources (Marescaux et al., 2018) 

providing a ratio of OC/IC of around 0.1. This organic to inorganic carbon ratio drops below 

4% at the estuarine mouth where 716 Gg C yr
-1 

and 29 Gg C yr
-1 

of DIC and TOC are 

exported to the sea, respectively. The overall CO2 outgassing of the entire Seine and estuarine 

system reaches 445 Gg C yr
-1 

in 2010 (Fig. 3-8). 44% of this CO2 release takes place upstream 

of Paris (196 Gg C yr
-1

), mostly in the large upstream Seine River network (137 Gg C yr
-1

) 

compared to the smaller Marne one (59 Gg C yr
-1

). Downstream of Paris, however, the main 

axis only contributes 21 Gg C yr
-1

 between Paris and Poses while the estuary and the various 

tributaries emit 101 and 127 Gg C yr
-1

, respectively.
 
Looking at the inputs, 465 Gg C y

-1
 reach 

Paris, mostly under the form of DIC (92%). Another 319 Gg C yr
-1

 are introduced into the 

main axis of the Seine between Poses and Paris. 71% of those come from tributaries, which 

mostly contribute to the DIC pool (216 Gg C yr
-1

) while the 91 Gg C y
-1

 provided by urban 

releases and point sources exhibit a much high proportion of OC (18%). 31% of the OC 

reaching the main axis of the Seine between Paris and Poses is thus delivered by urban 

releases and point sources. Within this section of the network, a significant DIC removal takes 

place in the various tributaries of the Seine, most notably the Oise for which the total 

outgassing amounts to 98 GgC yr
-1

. Downstream of Poses, in the section of the main axis 

simulated by C-GEM, most of the carbon processing takes place in the estuary where 46 Gg C 

y
-1

 are converted from organic matter into DIC (71% of the entire river network) and 101 Gg 

C yr
-1

 are emitted as CO2 into the atmosphere. The estuarine net primary production, however 

remains relatively low with 3.6 Gg C yr
-1

 but still represents 32% of the production occurring 

in the upstream fluvial part. As illustrated by Fig. 3-7, the large contribution of the estuarine 

section of the Seine to NPP and respiration can be partly attributed to its relatively large water 

surface area. 
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 Fig. 3-8 Organic (green) and inorganic carbon budget (blue) for the Seine river network. All fluxes are expressed in Gg C yr
-1

. The surface area all the different sub-sections 

of the watershed are indicated in italic.  



Chapter 3 | Carbon dynamics along the Seine River: insight from a coupled estuarine/river modeling approach 

140 

3.4. Discussion 

3.4.1. Interests and weaknesses of the approach  

The simulations presented in this study are, to our knowledge, the first transient representation 

of the inorganic carbon biogeochemical processing of an entire river network resulting from 

the full coupling of a riverine and estuarine RTMs. Such an off-line coupling was recently 

published using Rivertrahler and ECO-MARS3D for nutrients biogeochemical processing 

only (Romero et al., 2018b). The relatively good performances, at least in terms of level of 

water quality variables, of both C-GEM and Riverstrahler for chlorophyll, nutrients, oxygen 

as well as organic and inorganic carbon dynamics proves that our approach is able to capture 

the main biogeochemical dynamics of the Seine River network all along its main axis and 

provide a realistic representation of the main biogeochemical processing taking place in the 

different tributaries (i.e., nutrient consumption, organic matter degradation etc..). All variables 

simulated fall within the range of the values observed on the field and most seasonal patterns 

such as nutrient consumption are reproduced. Our simulations describe a heterotrophic system 

characterized by a moderate biogeochemical processing and relatively little production in the 

estuarine section as suggested by previous studies (Garnier et al., 2001). One of the main 

controls of the biogeochemical dynamics of the Seine river network is the significant 

anthropic pressure which translates into large nutrients and organic matter point sources, in 

particular in Achères downstream the WWTP SAV and Rouen as was evidenced by (Servais 

et al., 1991; Romero et al., 2016; Marescaux et al., 2018). Although the timing of the 

simulated phytoplankton bloom is late by a few weeks, the amplitude of the nutrient 

consumption is similar to observation and the decrease in dissolved silica confirms the 

domination of diatoms within phytoplankton biomass (Garnier unpublished; Morelle et al., 

2018).  

Because of the advective nature of the riverine environment, a proper simulation of the 

seasonality of the carbonate cycle in a riverine environment puts a lot of pressure on the 

accuracy of the most upstream concentrations. It is thus a testament to the robustness of the 

hydrological modules of both models that proper seasonal signals in most chemical species 

can be adequately transferred along the riverine gradient and from Riverstrahler to C-GEM in 

spite of significantly different temporal resolution. While several RTMs including 

biogeochemical modules have been developed and successfully applied to several rivers and 



Chapter 3 | Carbon dynamics along the Seine River: insight from a coupled estuarine/river modeling approach 

141 

estuaries over the past decades (Regnier et al., 1997; 1999; 2002; Laruelle et al., 2009; Arndt 

2007; 2009; 2011; Romero et al., 2018), it should be noted that both C-GEM and pyNuts-

Riverstrahler are designed to be generic tools relying on parameterizations elaborated with the 

intend of an ease of deployment to any temperate system (Volta et al., 2014; 2016a&b; 

Laruelle et al., 2017; Desmit et al., 2018). Thus, this successful local application opens the 

door to simulation of entire stretches of coastline of this estuarine/riverine modeling chain 

following the recent independent regional application of both C-GEM (Laruelle et al., 2017) 

and Riverstrahler (Desmit et al., 2018). 

3.4.2. A carbonate module in the land-ocean aquatic continuum.  

One of the main features of the biogeochemical modules used in this study is the explicit 

resolution of the carbonate cycle, which is seldom included in riverine and estuarine RTMs. 

As for nutrients, the values simulated by both models for DIC, TAlk, pH and pCO2 fall well 

within the average values observed on the field for these variables throughout the entire 

length of the system and the seasonality of DIC and TAlk are properly captured. This is also 

demonstrated for the riverine section of the Seine in Marescaux (2018). However, the 

complex seasonal dynamics of the carbonate system was not fully captured for pH and pCO2. 

These variables are very sensitive to minor changes in DIC and TAlk and are thus particularly 

difficult to simulate with accuracy. Nonetheless, the baseline pH and pCO2 values simulated 

by C-GEM in the estuarine section of the Seine match observations for most of the year. The 

discrepancy with observations corresponds to the propagation at the connection between both 

models of the late phytoplankton bloom, which prevents the model to reproduce a drop in pH 

observed in the field around day 150. It should also be noted that previous modeling attempts 

at simulating the carbonate cycle in estuarine environments however did not involve a spatial 

component and only reproduced annually or seasonally averaged conditions (Volta et al., 

2016a&b). Overall, our longitudinal profiles for DIC, TAlk, pH and pCO2 do match average 

observations.  

This is illustrated by the large changes in pCO2 and pH observed at any given station along 

the Seine and particularly clear in Poses (Fig. 3-6). Nonetheless, because of the largely 

oversaturated nature of the Seine in pCO2 throughout the year and the fact that baseline pCO2 

values simulated by both C-GEM and Riverstrahler, we are confident that our integrated 

yearly budget for the CO2 emissions from the river network of the Seine is relatively realistic. 

Considering that the pCO2 values simulated by our estuarine model match the yearly baseline 
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values, our estimate should be regarded as a lower end estimate. Based on the most 

downstream pCO2 time series, assuming that the gradient of pCO2 at the air-water interface is 

underestimated by the estuarine model by a factor of 2 between days 120 and 180, the 

resulting CO2 emissions would only increase by ~15%. One of the striking features of these 

calculations is that with a conservative estimate of outgassing of 101 Gg C yr
-1

 over the 168 

most downstream kilometers of the Estuary (and 51 Gg C yr
-1 

in the 50 most downstream 

kilometer), the estuary contributes at least 23% to the global emission of CO2 from the entire 

river network of the Seine which amounts to 445 Gg C yr
-1

. This exercise reveals the 

importance of the latter because, in part, of the large increase in available surface area. This 

was already evidenced by Volta et al. (2016a; b) for the Scheldt and the Elbe. This evidences 

the importance of including an explicit description of the morphology of estuaries when 

performing an integrated analysis.  

3.4.3. Features and fates of Carbon in LOAC at regional scale 

Interestingly, the contribution of the estuary to the Seine’s river network matches that derived 

for the global scale (23%) by comparing the estuarine outgassing of 0.15 Pg C yr
-1

 calculated 

by Laruelle et al. (2013) to the riverine outgassing of 0.65 Pg C yr
-1

 calculated by Lauerwald 

et al. (2015). Such local and global results further highlight the importance of integrating 

estuaries into calculations of the carbon removal by the LOAC either at local scale (i.e., such 

as in this study), regional scale (Laruelle et al., 2015) or global scale (Regnier et al., 2013b). 

In addition, the outgassing of 101 GgC yr
-1

 reported to the surface area of the Seine’s estuary 

(146 km
2
) yields an average emission rate per surface area of 58 mol C m

-2
 yr

-1
. While this 

value sits at the high end of the range of emissions reported for tidal estuaries (estimated at 

18.2 mol C m
-2

 yr
-1

 by Laruelle et al. (2013)), European estuaries under heavy anthropic 

pressures tend to display higher emission rates ranging from 30 to 70 mol C m
-2

 yr
-1 

(Frankignoulle et al., 1998).  

Throughout its journey along the Seine’s LOAC, the fraction of organic carbon remains 

below 10% in all sections of the network and goes increasing from below 5% in the tributaries 

upstream of Paris to ~10% at the confluence of the Seine and the Oise and decrease again to 

4% at the mouth of the estuary. This decreasing trend in the estuarine domain is consistent 

with that suggested by the global synthesis of Bauer et al. (2013) although that study implies a 

larger fraction of organic carbon in global riverine waters suggesting that the natural organic 

load of the Seine is relatively low. The significant increase in the mid-section of the main axis 
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of the river is a direct consequence of the strong anthropogenic pressures existing on the Seine 

river-network. For instance, large punctual inputs indeed take place, in particular between 

Paris and Poses where the organic to inorganic carbon ratio exceeds 0.1 as a consequence of 

the discharge of a large amount of the treated effluents of the 12.5 million inhabitants of the 

Parisian conurbation on the lower Seine River. Noteworthy, the contribution of the organic 

load in this Paris-Poses stretch has been much higher in the period 1980-1990 before efficient 

treatments, especially in the huge SAV WWTP as shown in terms of BOD load in Rocher and 

Azimi (2017) and oxygenation of the river (Romero et al., 2016). Overall, the organic carbon 

retention (calculated as 1 minus the ratio of organic carbon exported to the organic carbon 

inputs) for the entire river network amounts to 54% for the estuarine section.  

Although significant, this number is slightly lower than the range of organic retentions 

calculated for six European estuaries surrounding the North Sea by Volta et al. (2016a). These 

systems, which include the Scheldt, the Thames, and the Oder were shown to all convert over 

half of the organic carbon passing through them (76 ± 20%). However, the total carbon 

retention (i.e., taking into account both DIC and TOC) of the Seine estuary amounts to 9%, 

which is comparable to the Scheldt (10%), the Elbe (11%) and the Weser (12%) and falls at 

the low end of the range of 15 ± 7% reported by Volta et al. (2016a). 

3.5. Conclusions 

This study presents an integrated modeling investigation of the carbon and nutrient dynamics 

along the LOAC of the Seine river network. Our approach relies on the coupling of two 

transient, spatially resolved models for the estuary (C-GEM) and the river network (pyNuts-

Riverstrahler) able to simulate Chl. a, nutrients, oxygen and the carbonate cycle. Our 

simulations performed over year 2010 properly capture the longitudinal profiles and seasonal 

variations of all variables and reveal a system under strong anthropic pressure with large 

nutrients and organic matter inputs. Our study thus allows calculating an integrated carbon 

budget of the Seine river network which evidences the large contribution of the estuary to 

both CO2 outgassing and TOC degradation. While the spring maximum in pCO2 observed on 

the field is not reproduced by our models, the baseline pCO2 simulated by the model allows 

estimating a conservative outgassing of the estuarine section to be 101 Gg C yr
-1

, which 

amounts to 23% of the entire river network. The estuary also transforms 65% of the TOC into 

DIC between Poses and Le Havre, lowering the OC to IC ratio from 0.1 upstream of Poses to 

0.04 at the estuarine mouth. Because of the generic nature of both C-GEM and pyNuts-
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Riverstrahler, similar applications to other river networks or entire stretches of coastline can 

be ambitioned in the future. 
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 PART TWO: SUMMARY  

   

  

While nitrous oxide (N2O) and methane (CH4) emissions from the Seine drainage 

system and the agricultural basin were published separately in 2009 and 2013, 

respectively, (Garnier et al., 2009; Garnier et al., 2013); the CO2 study (see Part 1, 

chapters 1 and 2) allowed the joint (and updated) analysis of these three 

greenhouse gases. Thanks to field studies in 2016 and 2017, new N2O and CH4 

samples were analyzed and combined with other data from campaigns (2010 to 

2014) undertaken prior to my Ph-D thesis.  

Therefore, in the fourth chapter, CO2, CH4 and N2O concentrations were compared 

and analyzed according to seasonal variations (summer and winter) and along the 

drainage network of the Seine hydrosystem based on Strahler ordination. While 

CO2 and N2O concentrations with higher values in headwaters tended to decrease 

in medium orders, they increased again in the lower Seine; CH4 concentrations can 

be interpreted as an upstream- downstream increase with higher concentrations in 

summer than in winter. Concentrations of the three GHGs were clearly strongly 

impacted by wastewater effluents, with peaks in the lower Seine River 

downstream from the outlet of the main WWTP treating the Parisian conurbation 

(12.6 M inhabitants).  

Drainage network emissions were calculated and compared with those of the 

agricultural basin (quantified on the same basis as in previous work by our 

research group (Garnier et al., 2009; Garnier et al., 2013), to which non-

agricultural emissions (e. g. urban and transport) reported in national inventories 

(CITEPA) were added. Among the 61,300 Gg CO2 equivalents (eq.) of emitted 

GHGs (CO2, N2O, CH4), 3.7% originate from the drainage system, of which 95% 

is CO2-related. Agricultural emissions represented 23 % of total GHGs emissions 

of the Seine River basin. Agricultural and urban emissions are thus largely 

dominant. 
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In the fifth and final chapter, we concentrated our effort on agricultural GHGs, but 

extended the scope of the study to the whole of France and three regions of 

interest:  

 the Seine Basin, with its temperate climate and intensive cereal cropping 

agriculture, 

 the Great West (including the Brittany region), with the oceanic-temperate climate 

and intensive livestock farming, 

 the Great South West (including the Garonne and the Lot departments), with a 

temperate warm climate, particularly favorable for maize cultivation. 

We found a total of 114,000 Gg CO2 eq. yr
-1

 (for 2010-2014) of agricultural 

emissions for the whole of France distributed respectively as 29%, 49%, and 22% 

of N2O, CH4 and CO2. 

These emissions were reconstructed for the past (estimated at about half the 

present values in 1955, and a quarter in 1852) and finally, put in perspective view 

with two future scenarios: one scenario following the current trend of the agro-

food system with specialization and intensification associated with international 

trade (bringing these emissions to 165,000 Gg CO2 eq. yr
-1

 in 2040), and another 

one with a structural change in agro-food system oriented towards agro-ecology 

and organic farming, enabling the reduction of agricultural GHG emissions to a 

value close to that of 1955 ( 57,000 Gg CO2 eq. yr
-1 

in 2040).  

These two chapters provide quantitative figures on past, present and future 

emissions of N2O, CH4 and CO2, placing emissions from the Seine basin in a 

national framework and highlighting possible levers for reducing GHG emissions. 
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Abstract 

Greenhouse gas (GHG) emissions from rivers and lakes have been shown to contribute 

significantly to global carbon and nitrogen cycling. In temperate and human-impacted 

regions, simultaneous carbon dioxide, methane and nitrous oxide emissions from aquatic 

systems are poorly documented. We estimated carbon dioxide (CO2) concentrations in the 

Seine hydrosystem (71,730 km
2
, France) using direct measurements in 14 field campaigns 

conducted between 2010 and 2017, and calculations of CO2 partial pressures compared with 

methane (CH4) and nitrous oxide (N2O) concentrations. 

In the main stem of the Seine River, CO2 showed the same spatial gradient as N2O and CH4 

with peaks in concentration downstream from the arrival of effluents from wastewater 

treatment plants enriched in organic matter, thus favoring mineralization. It is likely that high 

CO2 concentrations upstream were due to organic carbon inputs from soils and enriched CO2 

groundwater discharges, whereas high N2O and CH4 upstream values were likely due to 

denitrification in riparian wet areas and anoxic decomposition of organic matter-rich 

wetlands, respectively. In addition, seasonal variations in all three GHGs were observed with 

higher concentrations in summer when higher temperatures promote mineralization and low 

water reduces the dilution of organic matter mainly originating from WWTP effluents.  

GHG emissions were calculated and compared with agricultural and nonagricultural (urban, 

transport) fluxes in the basin. In the Seine River network, CO2 emissions dominated riverine 

GHG emissions, reaching 95.3%, while N2O and CH4 emissions accounted for 4.4% and 

0.3%, respectively. These indirect emissions from the hydrosystem were estimated to account 

for 3.7% of the total GHG emissions from the basin that amounted to 61,284 Gg CO2eq yr
-1

. 

Comparatively, direct agricultural and nonagricultural GHG emissions were estimated at 

23.3% and 73.0%., respectively.  

Keywords: Seine Basin; CO2; CH4; N2O; direct/indirect emissions; human impacts 
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4.1. Introduction 

Carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) have been shown to dominate 

the well-mixed greenhouse gases (GHGs), contributing 80% of the positive radiative forcing 

driving climate change (Myhre et al., 2013). Between 1750, the beginning of the Western 

industrial revolution, and 2011, atmospheric concentrations of CO2, CH4 and N2O increased 

by 40%, 150% and 20%, respectively, reaching values of 390.5 ppm (± 0.2 ppm), 1803.2 ppm 

(± 0.2 ppm) and 324.2 ppb (± 0.2 ppb) (Hartmann et al., 2013). 

For the 1750–2011 period, anthropogenic CO2 emissions at the global scale reached 555,000 

± 85 teragrams of carbon (TgC). Fossil fuel combustion and cement production were 

responsible for 67.5% of it while land use change accounted for 32.4% (Almajhdi et al., 

2013). For the 2000–2009 period, anthropogenic CH4 global emissions were estimated at 248 

(228–276368) TgC-CH4 yr
-1

 (bottom-up approach) (Almajhdi et al., 2013). The 

Intergovernmental Panel on Climate Change (IPCC) report (2013), attributed 60.4% of CH4 

sources to agriculture and waste, 10.6% to biomass and biofuel burning and 29% to fossil fuel 

combustion. N2O atmospheric concentrations have also increased considerably since the 

preindustrial era, due to intensification of agriculture and the use of synthetic nitrogen (N) 

fertilizers and manure applications that increased the production of N2O in soils, sediments 

and aquatic ecosystems. In addition to fertilization, industrial processes (e.g., manufacture of 

nylon), effluents from wastewater treatment, cattle feedlots and excrement, biomass burning 

and land emissions due to atmospheric nitrogen deposition (from agriculture, fossil fuel 

combustion, burning biomass and industrial activities) also contributed to an increase in N2O 

emissions of 6.9 (2.7–11.1) TgN (N2O) yr
-1

 over the last two decades (Seitzinger et al. 2000; 

Khalil et al. 2002; Ciais et al., 2013). 

Global emissions of these three GHGs from streams and rivers have been reported in the 

literature as important fluxes in the continental GHG budgets. CO2 emissions from rivers and 

streams have been quantified at between 230 (150-300) TgC yr
-1

 and 1,800 ± 250 TgC yr
-1

 or 

840–6,600 Tg CO2equivalent yr
-1

 (Tg CO2eq), (Cole et al., 2007; Battin et al., 2009b; 

Aufdenkampe et al., 2011; Lauerwald et al., 2015; Regnier et al., 2013;
 
Raymond et al., 

2013a ; Sawakuchi et al., 2017; Drake et al., 2017). CH4 global inland water emissions have 

been estimated at 1.5–26.8 Tg CH4 yr
-1

 or 42.0–750.4 Tg CO2eq (Bastviken et al., 2011; 

Sawakuchi et al. 2014; Borges et al. 2015; Stanley et al. 2016) while N2O riverine emissions 

have been reported to range between 50.6 (46.5-55.5) Gg N2O yr
-1

 and 1,980 Gg N2O yr
-1

 or 
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13.4 Tg CO2eq and 524.7 Tg CO2eq (Kroeze et al., 2010; Beaulieu et al., 2011; Hu et al., 

2016). In CO2eq, global CO2 emissions are about ten times higher than CH4 and N2O 

emissions. Many regional studies on inland waters have proposed a specific focus on CO2 

emissions (Butman and Raymond 2011; Denfeld et al. 2013; Abril et al. 2014; Ran et al., 

2017, van Geldern et al., 2015, among others), CH4 emissions (e.g., Bastviken et al. 2004; 

Garnier et al., 2013; Sawakuchi et al., 2014; Spawn et al. 2015; McGinnis et al. 2016) or N2O 

emissions (e.g., Seitzinger et al. 2000; Garnier et al., 2009; Yu et al., 2013; Turner et al., 

2015). However, only a few studies have assessed the three GHG concentrations together or 

emissions from lentic ecosystems (reservoirs and lakes) (e.g., Huttunen et al., 2003; Zhao et 

al., 2013; Miettinen et al., 2015; Huang et al. 2015; Wang et al. 2017) or from streams and 

rivers (e.g., Harrison et al., 2005; Hlaváčová et al., 2006; Borges et al., 2015; Teodoru et al., 

2015; Schade et al., 2016;  Borges et al., 2018). 

Anthropogenic activities are known to have marked impacts on biogeochemical cycles and on 

CO2, CH4 and N2O emissions (e.g., Kempe, 1982 and 1984; Seitzinger et al., 2000; Garnier et 

al., 2007; Rajkumar et al., 2008; Barros et al., 2011; Baulch et al., 2011; Regnier et al., 2013; 

Alshboul et al., 2016b; Deemer et al., 2016; Martinez-Cruz et al., 2017; Prairie et al., 2017). 

N2O emissions from the highly urbanized Seine drainage network have been estimated at 

0.10–0.20 gigagrams (Gg) N-N2O yr
-1

 or 42–83 Gg CO2eq yr
-1

 (Garnier et al. 2009), while 

CH4 emissions have been estimated at 0.30 GgC-CH4 yr
-1

 or 11.2 Gg CO2eq yr
-1

 (Garnier et 

al., 2013b). CO2 emissions from the Seine basin have not yet been investigated, apart from 

occasional values of pCO2 calculated in the Seine at Paris (annual mean for 1975–1979: 1997 

ppmv; Kempe, 1982). Nevertheless, comparison of the three GHG budgets at the global scale 

(with a factor of 10 between CO2 and N2O or CH4 emissions expressed in CO2 eq), supports 

the hypothesis that CO2 emissions could also account for a large proportion of the GHG 

emissions at the regional scale of a single watershed. 

This paper compares GHG behaviors (CO2, CH4, N2O) in the Seine River, a temperate 

hydrosystem subjected to strong anthropogenic pressures and quantifies the emissions from 

the drainage network. Earlier papers by our team already examined water concentrations and 

emissions of N2O (Garnier et al., 2009) and CH4 (Garnier et al., 2013). Here we report on new 

field investigations to examine pCO2 and CO2 emissions together with CH4 and N2O. Space-

time analyses at the scale of the Seine River basin using this unique GHG data set were 

expected to provide new insights into GHG riverine emissions, particularly the impact of 

wastewater effluents from the Parisian conurbation (12 M inhabitants). The second aim of this 
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study was to compare the indirect emissions from the drainage network with estimated direct 

emissions from land under different uses (croplands, grasslands and forests, and livestock 

farming) and due to other activities (energy transformation, industry, residential and tertiary 

sectors, as well as transport) using existing data, in order to identify the main sources of 

emissions. 

4.2. Material and methods 

4.2.1. Study site  

The Seine River is located in the north of France with a catchment of approximately 71,730 

km
2
 at Poses, where a weir separates the river from its estuary, and flows into the English 

Channel. Its average annual discharge over the past 10 years at the outlet is 500 m
3
 s

-1
 (French 

water authorities Agence de l’Eau Seine Normandie - French acronym AESN, 

http://www.eau-seine-normandie.fr/, last accessed 2018/11/05). The Seine basin is densely 

populated (> 200 inhabitants (inhab.) km
-2

 for the basin as a whole but reaching more than 

20,000 inhab. km
-2

 in inner Paris and around 5,000–7,000 inhab. km
-
² in the Paris 

conurbation) (Fig. 4-1) (INSEE 2013). Heavily urbanized and industrialized in its downstream 

sector, the upstream basin is dominated by croplands.  

The Seine River watershed can be represented by the Strahler stream order (SOs) (Strahler, 

1952; 1957) a concept describing any hydrological network from its source (SO 1) to its 

estuary by a regular pattern of confluence of tributaries with increasing stream order. The 

Seine hydrological network is represented by more than 3,000 first SOs to one SO 7 (the 

lower Seine river) (Annex 4-1). The main stem studied here is the downstream Marne River 

(SO 6) and the lower Seine (SO 7). The Marne River basin is intensively cropped and densely 

populated in its downstream sector and used to be one of the most eutrophic rivers of the 

drainage network (Garnier et al., 2005) (Fig. 4-1). The Marne joins the Seine River at the 

entrance of Paris. Downstream from Paris, the Seine River receives the treated effluents of 12 

million inhabitants, strongly impacting the lower Seine River, downstream from the 

confluence with the Oise River (SO 6). The main land use classes in the basin are croplands 

(56.8% of the basin), forests (25.8%) and grasslands (9.7%), urbanized areas represent 7.0% 

(CLC database, IFEN, 2006) and wetlands (between 10.9%-15.6%; Curie et al., 2007). The 

lithology of the sedimentary basin of the Seine River is dominated by chalk, limestone and 

carbonates (Annex 4-1).  

http://www.eau-seine-normandie.fr/
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Fig. 4-1 Population density and main wastewater treatment plant capacities of the Seine River watershed 

(France) (INSEE, 2013 and the French water authorities - AESN 2005). In yellow, measurement stations located 

along the main stem of the Seine River (Marne River and the lower Seine) were sampled in 2010 (May 3–4; July 

5–7; October 2–6 2010) in 2011 (May 17–19; August 23–28), in 2012 (April 4–10; August 28 to September 3), 

in 2013 (February 13–18; June 17–23 2013) and 2014 (May 13–17; September 9–12). One of the main stems of 

the Seine River is shown at the top of the figure with sampling stations and distance from Paris in kilometers 

(km=0). 

4.2.2. Sampling strategies 

Eleven field campaigns were conducted at 23 sampling locations over a distance of 700 km 

(exact locations in Annex 1-6). Sampling sites were selected to account for the spatial 

variability of the upstream basin along the Marne River, upstream and downstream from the 

main WWTPs, including Paris, and along the lower Seine. The 11 field campaigns at low 

water were conducted in 2010 (May 3–4 May; July 5–7; October 2–6 2010), in 2011 (May 

17–19; August 23–28), in 2012 (April 4–10; August 28 to September 3), in 2013 (February 

13–18; June 17–23 2013), and in 2014 (May 13–17; September 9–12). In addition to these 
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longitudinal profiles, smaller SOs were sampled during two snap-shot campaigns in 2016 

(February 22 to March 10, and September 7–14) and one in 2017 (March 14–23). A total of 

14 campaigns are therefore analyzed here. Sampling locations covered all important land use 

classes in the basin. 

In the field, 100 ml borosilicate serum bottles were filled with water without air to determine 

N2O and CH4 levels. To stop biological processes and gas exchange, 50 µl of HgCl2 (2%) was 

added to the bottles that were then sealed with a rubber septum. In addition, 2-l water 

chemistry sampling bottles (high-density polyethylene) were filled and pH (NBS scale), water 

temperature, turbidity, dissolved oxygen and conductivity variables were measured using a 

multiparameter instrument (YSI® 6600 V2). Buffers (pH 4 and 7) were used for pH 

calibration, potassium chloride electrolyte solution for dissolved oxygen, and 10 mS cm
-1

 

standard for conductivity. 

In the laboratory, total alkalinity (TA) (µmol kg
-1

) was analyzed using three replicates of 20 

ml of filtered water (GF/F: 0.7 μm) with an automatic titrator (TitroLine® 5000) and HCl 

0.1M. Dissolved nitrate and ammonium were determined on filtered water (GF/F, 0.7 μm) 

with an automated analyzer (Gallery
TM

 Automated Photometric Analyzer) according to Jones 

(1984) and Slawyk and MacIsaac (1972), respectively. 

For dissolved organic carbon (DOC), analyses were collected in glass flasks after filtration on 

GF/F Whatman grilled filters (GF/F, 0.7 μm porosity, at 500°C for 4 h) and acidified (0.1 ml 

H2SO4 4 M in 30 ml of water). DOC was analyzed with a TOC analyzer (Aurora 1030 TOC 

Analyzer, O–I-Analytical).  

4.2.3. Gas analyses 

Dissolved carbon dioxide.  

Partial pressure of CO2 (pCO2) (ppmv) was measured in small SOs (1–3) and along the main 

stem (SOs 6-7), using a syringe headspace technique coupled with a non-dispersive infrared 

(NDIR) gas analyzer (Licor LI-820 or LI-840, USA) (Abril et al., 2015). In four syringes, 30 

ml of stream water and 30ml of air were equilibrated in CO2 by shaking them continuously 

for 10 minutes. The first syringe was used to purge the system and measurements were made 

using the other three. Dry pCO2 was converted into CO2 water concentrations (µgC l
-1

) 

(Weiss, 1974; Weiss and Price, 1980). 
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We completed our data set of field measurements with existing datasets of pH, total alkalinity 

and water temperature measurements from which we calculated pCO2 values (ppmv) with 

CO2SYS software algorithms (Pierrot et al., 2006) using water temperature, alkalinity and pH 

measurements  for the period 2007 –2017 (22,142 of these three variables, i.e., around 1,400 

stations distributed throughout the Seine Basin at a monthly to bimonthly frequency ) 

collected by the French water authorities – AESN). The carbonate dissociation constants (K1 

and K2) applied were from (Millero, 1979) with zero salinity. CO2 solubility was from Weiss 

(1974). The pCO2 were corrected by the relationships established between direct and indirect 

pCO2 measurements for the Seine River basin (Marescaux et al., 2018; see Annex 4-2) to 

reduce pCO2 indirect calculation bias (see Abril et al., 2015).  

Annual means of atmospheric wet pCO2 values were provided by the NOAA/ESRL 

(http://www.esrl.noaa.gov/gmd/ccgg/trends/, Scripps Institution of Oceanography 

scrippsco2.ucsd.edu/, 2018/01/05) and averaged over the period 2007 –2017. Atmospheric 

wet pCO2 values were converted into dry values according to Weiss and Price (1980) using a 

relationship between the air and water temperatures for the Seine basin (Ducharne, 2008). 

Atmospheric wet pCO2 and pCO2 was used to calculate CO2 concentrations (µgC l
-1

) at 

equilibrium in the water with CO2 solubility (Weiss, 1974). 

Dissolved nitrous oxide (N2O) and methane (CH4).  

N2O concentrations were determined with a gas chromatograph (Perichrom ST 200) 

combined² with an electron capture detector (GC-ECD) (Garnier et al. 2007 and 2009). CH4 

concentrations were also measured using a gas chromatograph coupled to a flame ionization 

detector (GC-FID) (Garnier et al., 2013). Only the three 2010 campaigns were already 

included in Garnier et al. (2013) for CH4. For N2O and CH4 determination, we used the same 

sampling and laboratory procedures as in the studies cited just above.  

  

http://www.esrl.noaa.gov/gmd/ccgg/trends/
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4.2.4. Calculation of indirect and direct emissions 

Calculation of indirect emissions from hydrosystems 

The diffuse flux (f(GHG), mgC-CO2, mgC-CH4 or mgN-N2O m
-2

 day
-1

) of GHG at the 

interface of the river and the atmosphere can be calculated as: 

𝑓(𝐺𝐻𝐺) = 𝑘𝐺𝐻𝐺  ([𝐺𝐻𝐺] − [𝐺𝐻𝐺]𝑒𝑞) Eq. 1 

where [𝐺𝐻𝐺] is the concentration of greenhouse gases in the water (mgC-CO2 m
-3

, mgC-CH4 

m
-3

, mgN-N2O m
-3

), and [𝐺𝐻𝐺]𝑒𝑞 is the concentration of greenhouse gas at equilibrium with 

respect to atmospheric concentrations (mgC-CO2 m
-3

, mgC-CH4 m
-3

, mgN-N2O m
-3

). 

 

According to Wanninkhof (1992), Wilke and Chang (1955) and Raymond et al. (2012a), the 

gas transfer velocity 𝑘𝐺𝐻𝐺  (m day
-1

) under negligible wind conditions in rivers can be 

calculated as: 

𝑘𝐺𝐻𝐺 = 𝑘600 . √
600

𝑆𝑐𝐺𝐻𝐺(𝑇)
 Eq. 2 

The k600 (Eq. 3) in Raymond et al. (2012a) was selected as being appropriate to compare GHG 

emissions at large spatial scales, and for analyses of bulk biogeochemical budgets (Raymond 

et al., 2012a). 

𝑘600 = 𝑣. 𝑆. 2841 ± 𝑎 +  2.02 ± 𝑏 Eq. 3 

where 𝑣 is the water velocity (m s
-1

) and S the slope (-); 𝑘600 is the gas transfer velocity for a 

Schmidt number of 600 (m day
-1

). Coefficients a and b are standard deviations of 107 and 

0.209, respectively. The French water authority database - AESN, enabled estimation of the 

water velocity from water discharge records in the basin for the period 2012–2014, and also 

provided measured slopes. Slopes and water velocity were then averaged by SO and by 

season. 
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Schmidt numbers (𝑆𝑐𝐺𝐻𝐺(𝑇), dimensionless) of the calculated GHG (-) depend on water 

temperature 𝑇 in degree Celsius (°C) as described in Wanninkhof (1992) 

𝑆𝑐𝐶𝑂2
(𝑇) =  1911.1 − 118.11𝑇 + 3.4527𝑇2 − 0.041320𝑇3 

𝑆𝑐𝐶𝐻4
(𝑇) = 1897.8 + 114.28𝑇 + 3.2902𝑇2 − 0.039061𝑇3 

𝑆𝑐𝑁2𝑂(𝑇) = 2055.6 − 137.11𝑇 + 4.3173𝑇2 − 0.054350𝑇3 

Eq. 4 

Eq. 5 

Eq. 6 

Each flux was calculated for each SO and day. The total emission of the hydrosystem (E) 

(mgC-CO2 day
-1

, mgC-CH4 day
-1 

or mgN-N2O day
-1

) corresponds (see Eq.7) to the sum of 

GHG fluxes calculated for each SO (FSO) multiplied by the number of rivers per SO (nSO) and 

the average water surface of these SOs (ASO, m
2
). The number of rivers per SO (nSO) and the 

water surface (ASO) were extracted from the drainage network based on the topological 

records of the French water authorities - AESN. 

𝐸 = ∑ FSO nSO ASO 

8

𝑆𝑂=1

 Eq. 7 

These values were averaged per period (summer –April to October- and winter –November to 

March-) and per SO (1–7). Finally, the annual estimate was assumed to have the combination 

of values calculated using average summer and winter characteristics (see Garnier et al., 2009 

and 2013). 

While humans have increased direct emissions through agricultural and industrial activities, 

emissions have also increased indirectly in aquatic and semi-aquatic (lake, river, riparian 

zone) and terrestrial (e.g., forest) ecosystems (Jurado et al., 2017).  

Direct greenhouse gas emissions from agricultural and nonagricultural activities in the 

Seine basin 

We used the estimations of N2O and CH4 emissions caused by agricultural activities in the 

Seine basin reported in previous studies (Garnier et al., 2009 and 2013). 

N2O agricultural emissions were calculated from a review of emission coefficients for the 

major land use classes (croplands, grasslands and forests). An ongoing study aiming at 

refining N2O emissions by accounting for a relation between N2O emissions and mineral 

nitrogen fertilizers applied under different classes of rainfall would approximately amount 9 
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GgN-N2O yr
-1

 close to the 11.4 GgN-N2O yr
-1

 previously reported in Garnier et al. (2009), 

established from a different approach, and used here. 

The total amount of CH4 emitted from agricultural sources, i.e., essentially by livestock 

(enteric fermentation and manure degradation) was calculated based on the number of animals 

per species and per age in the Seine Basin, and the specific emission factors for each species 

(kg-CH4 head
-1

 year
-1

) (Garnier et al., 2013). Again, according to Garnier et al. (2013), we 

estimated CO2 emissions from agricultural sources considering the use of 180 kgN ha
-1 

yr
-1

 

nitrogen fertilizers on agricultural land and the emission of 0.52 tC-CO2 per ton of N 

fertilizers produced. We also assumed that 100 l ha
-1 

yr
-1

 of fossil energy is required for farm 

work. Taking into account the cropped area, these emissions amounted to 622 Gg C-CO2 yr
-1

 

(Garnier et al., 2013). As a first approximation, we disregarded the effect of possible 

sequestration by soils and emissions linked to changes in land use.   

We estimated nonagricultural GHG emissions based on data in Wu et al. (2016) and Staufer et 

al. (2016) for the Ile-de-France Region, while data at the scale of the French administrative 

Departments were used for the rest of the Seine basin, excluding Ile-de-France (available at 

https://www.citepa.org/fr/, 2018/01/05, from CITEPA, French Interprofessional Technical 

Center for Studies on Air Pollution, last accessed 2018/11/05). CITEPA provides accurate 

census data on urban GHG emissions including energy transformation, manufacturing, the 

service sector and transport using the CORe Inventory AIR emissions methodology 

(CORINAIR, https://www.eea.europa.eu/publications/EMEPCORINAIR, last accessed 

2018/11/05) from the European Environment Agency with a NUTS 3 resolution (French 

Departments). To analyze the nonagricultural emissions separately, we grouped the different 

sectors in three major classes: 

(i) energy transformation + manufacturing, 

(ii) residential + tertiary sectors, 

(iii) transport  

All nonagricultural GHG emissions were collected with spatially explicit references and 

processed using GIS technology (QGIS Development Team, 2016) to be scaled to the limits 

of the Seine River basin. Total GHG emissions were estimated by summing riverine, 

agricultural and nonagricultural GHG emissions. 

https://www.citepa.org/fr/
https://www.eea.europa.eu/publications/EMEPCORINAIR
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4.2.5. Statistical analyses 

The GHG concentrations and associated water temperatures were bootstrapped with 10,000 

iterations, using the R package “boot.ci” (R Core team, 2015) in order to obtain mean, 

standard deviation and 95% confident intervals for each season and each SO. This procedure 

allows estimating the distribution of a sample from a limited dataset. For each bootstrap, the 

consistency between the generated mean value and that of the original dataset was checked. 

The uncertainty of the GHG flux (expressed as 95% confidence interval) was quantified with 

Monte Carlo simulations using equation (1) consisting of 10,000 runs (Beck, 1987). The 

required distributions of the input parameters were either provided by the bootstrapping (for 

GHG concentrations and water temperatures) or equation (3) for the gas exchange velocities 

assuming a Gaussian distribution of coefficient a and b. For these calculations, we also 

assume that each of these parameters varies independently from one another.  

The variability of GHG concentrations and gas transfer velocity between orders and seasons 

was tested using Kruskal-Wallis and Wilcoxon signed-rank tests, respectively. Coefficients of 

determination (R
2
) were used to check for correlations between GHG concentrations, 

nutrients and environmental parameters. Significant correlations are designated by an asterisk, 

taking into account the number of data. 

4.3. Results 

4.3.1. Greenhouse gas concentrations in the hydrological network 

The annual mean CO2 concentrations in the water were spatially significantly higher for the 

first and last SOs (> 2,000 µgC-CO2 l
-1

), similar to N2O (> 1 µgN-N2O l
-1

). The annual mean 

CH4, concentrations were only significantly higher in the 7
th

 SO, especially in summer (> 3 

µgC-CH4 l
-1

)
 
(Fig. 4-2) (Annex 4-5). The mean annual concentrations in medium river SOs 

(3–5) were generally lower(< 2000 µgC l
-1

 for CO2, < 1.5 µgC l
-1 

for CH4, and ~ 0.6 µgN l
-1

 

for N2O). No significant differences in N2O concentrations were found in any of the SOs in 

the two seasons selected (winter and summer). CO2 concentrations were only significantly 

higher in summer than in winter in the 1
st
 SO whereas summer CH4 concentrations were 

higher in the majority of SOs (Fig. 4-2, Table Annex 4-4).  
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Fig. 4-2 Greenhouse gas (CO2, CH4, N2O) concentrations in water (µgC-CO2.l
-1

, µgC-CH4 l
-1

 and µgN-N2O l
-1

) 

as a function of the stream order in the Seine drainage network in winter and summer averaged from the 14 

campaigns conducted between 2010 and 2017. Whiskers are standard deviations between observed GHG 

concentrations. 

Atmospheric annual mean dry pCO2 concentrations were around 398±0.12 ppmv on average 

for the 2010–2017 period (Division Physical Sciences and NOAA Earth System Research 

Laboratory), which gave an average concentration at equilibrium of 213 µgC l
-1

 with a range 

of 151–331 µgC l
-1

 for
 
all the campaigns. Aquatic CO2 concentrations in winter and in 

summer were always supersaturated with respect to atmospheric concentrations. Similarly, 

N2O and CH4 concentrations in the range of µg, were systematically above the saturation 

level of the water (mean N2O saturation value: 275 ngN l
-1

 with a range of 115–490 ngN l
-1

; 

mean CH4 saturation value: 43 ngC l
-1

 with a range of 27–61 ngC l
-1

). 

Our data set enabled us to focus on the three GHG concentrations along the main streams of 

the Marne River (Fig. 4-3, from −365 to 0 km, SO 6) and the lower Seine River (Fig. 4-3, km 
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from 0 to ± 350 km, SO 7) where the concentrations were the highest (Fig. 4-3; see also Fig. 

2).  

 

Fig. 4-3 Greenhouse gas (CO2, CH4 and N2O) and oxygen concentrations along the main stem of the Marne 

River (km −400 to 0) and the lower Seine River (km 40–400). Averaged concentrations for (left) nitrous oxide 

(N2O), ammonium (NH4
+
) and nitrite (NO2

-
) in mgN l

-1
; (right) carbon dioxide (CO2) and methane (CH4) in µgC 

l
-1

, dissolved organic carbon (DOC) in mgC l
-1

, and dissolved oxygen in mgO2 l
-1

. The pCO2 values were 

calculated from pH, temperature and alkalinity using CO2SYS software (Pierrot et al., 2006). These data are 

partly described in Garnier et al. (2009 and 2013). 
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The 11 longitudinal profile campaigns (from April to October i.e., in the summer period) were 

averaged for each GHG concentration for 2010–2014, and for each station (10 on the Marne 

branch and 13 on the lower Seine, Fig. 4-3). Despite wide variability, the longitudinal profiles 

of three GHG gases (CO2,
 
CH4, N2O) shared similar spatial trends of their concentrations 

(Fig. 4-3). Indeed, the concentrations were highest downstream from the effluent outlets in the 

Paris conurbation and from the city of Rouen. These patterns mirrored NO2
-
, NH4

+
 and DOC 

concentrations that are typically high in wastewater effluents. As nitrification and organic 

matter degradation consume oxygen, the opposite trend was observed for oxygen 

concentrations (Fig. 4-3). 

 

Fig. 4-4 Relationships between (a) concentrations of N2O (µgN l
-1

) and NO2
-
 (mgN l

-1
), (b)

 
concentrations of 

N2O (µgN l
-1

) and NH4
+
 (mgN l

-1
), (c) CO2 (µgC l

-1
) and oxygen (mgO2 l

-1
), and (d) CO2 (µgC l

-1
) and dissolved 

organic carbon (DOC: mgC l
-1

). From top to bottom, example from the campaigns in May 2010, September 

2012, September 2013 and September 2014. 
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Of these 11 campaigns, eight showed a positive significant relationship (R
2
 > 0.55; n = 23) 

between N2O and NO2
-
 concentrations, and in six, N2O was also correlated with NH4

+
 (R

2
 > 

0.40; n = 23) (Fig. 4-4, Table 4-1). 

No relationship was found between N2O and NO3
-
. CO2 was positively and significantly 

correlated with DOC (six out of 11 campaigns, R
2
 > 0.27; n = 23) and negatively correlated 

with oxygen (five out of 11 campaigns, R
2
 > 0.35), but no correlation was found between CH4 

concentrations and other variables of interest (e.g., O2, dissolved organic carbon). The slopes 

of the relationships varied greatly (by a factor of 100), depending on the discharge and the 

temperature during the campaigns (Fig. 4-4; Table 4-1). 

Table 4-1 Parameters of the linear relationships (slope and R²) of N2O as a function of nitrite (NO2
-
) and 

ammonium (NH4
+
), and of CO2 as a function of oxygen (O2) and dissolved organic carbon (DOC) for each of the 

11 campaigns. Corresponding values of mean discharges and temperatures (temp) for the duration of the 

campaign are indicated. *Slope significantly different from 0 for R
2 
> 0.16 (n > 20). 

 

4.3.2. Greenhouse gas emissions from the hydrological network 

The difference in GHG concentrations between the atmosphere and the surfaces of the water, 

and gas transfer velocities, control emissions of GHGs. Gas transfer velocity depended on k600 

(Eq. 3) and on the Schmidt number (Eq. 4-6). k600 decreased with SOs due to the decreasing 

slope, and increased with water velocity as a result of turbulence. Schmidt numbers depend on 

temperature sensitivities of the specific solubility of the different gases, resulting in different k 

patterns (Annex 4-3). 
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Greenhouse gas emission fluxes showed that the Seine hydrological network is a source of 

three gases (CO2, CH4 and N2O) to the atmosphere. In particular, budgets showed that CO2 

summer emissions (1,440 10
3 

kgC-CO2 day
-1

) were lower than winter emissions (1,800 10
3
 

kgC-CO2 day
-1

) (annual amount 592 GgC-CO2 yr
-1

 on average, Fig. 4-7). Seasonal CH4 

emissions were 554 kgC-CH4 day
-1

 and 433 kgC-CH4 day
-1

 in summer and winter, 

respectively (i.e., an average annual diffusive emission of 0.180 GgC-CH4 yr
-1

). N2O 

emissions amounted to 708 kgN-N2O day
-1 

in summer and 601 kgN-N2O day
-1

 in winter (i.e., 

an annual
 
average of 0.240 GgN-N2O yr

-1
) (Fig. 4-7). In addition, the annual budget shows 

that 44% of the CO2 emissions were emitted from the first and second SOs of the Seine basin, 

while the 6
th

 and 7
th

 SOs contributed the most nitrous oxide, more than 50% of the emissions. 

CH4 emissions were more evenly distributed among upstream (SOs 1, 2), intermediate (SOs 

3, 4, 5) and downstream reaches (SOs 6, 7).  

Considering global warming potential (GWP) for the last 100 years, i.e. 28 for CH4 and 265 

for N2O, the hydrosystem’s annual N2O budget (99 Gg CO2eq yr
-1

) was 14 times higher than 

CH4 diffusive emissions (7 Gg CO2eq yr
-1

), an N2O budget that itself was around 22 times 

lower than the CO2 budget (2,170 Gg CO2eq yr
-1

) (Fig. 4-7, Table 4-2). 

Table 4-2 Comparative greenhouse gas (Gg CO2 eq yr
-1 

of CO2, CH4 and N2O) emissions from the hydrographic 

network (measurements made in this study), from the agricultural basin (including croplands, grasslands and 

forests according to Garnier et al. (2009 and 2013) and from nonagricultural sectors (data from CITEPA 2005 

and from Wu et al. (2016) for the Ile-de-France region).∑ GHG: sum of the three GHGs by compartment and by 

gas. 

  Hydrosystem Agri. areas Nonagri. ∑ GHG 

  Gg CO2eq yr-1 Gg CO2eq yr-1 

CO2 2,170 2,281 44,077 48,528 

CH4 7 7,267 360 7,634 

N2O 99 4,747 276 5,122 

∑ GHG 2,276 14,295 44,713 61,284 

 

Interestingly, CO2 emissions accounted for 95.3% of the three GHG emissions from the 

hydrosystem (indirect emissions), while N2O and CH4 emissions accounted for 4.4% and 

0.3%, respectively. 
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4.3.3. Emissions from agricultural and nonagricultural sectors 

Total GHG emissions from the agricultural basin were estimated at 14,295 Gg CO2eq yr
-1

. 

CH4, N2O and CO2 emissions contributed 51%, 33% and 16% of agricultural emissions, 

respectively (Table 4-2).  

Total direct GHG emissions from the nonagricultural basin were estimated at 44,713 Gg 

CO2eq yr
-1

, the majority from the Ile-de-France region (92%). Nonagricultural emissions of 

CO2 were more than 100 times higher than those of CH4 and N2O (Table 4-2). Whereas CO2 

emissions were rather well distributed among the categories, CH4 and N2O emissions 

occurred mainly in the energy & manufacturing sector. These emissions were approximately 

three times higher than the sum of those from the residential & tertiary and transport sectors 

(Fig. 4-5).  

 

Fig. 4-5 Greenhouse gas emissions (CO2, CH4 and N2O) from nonagricultural sectors (Gg CO2eq yr
-1

) in the 

Seine watershed including energy transformation-manufacturing, service sector, and transport (GIS treatments 

applied to CITEPA data; https://www.citepa.org/fr/, 2018/01/05) 

4.3.4. Total GHG emissions from the Seine basin 

Total GHG emissions from the basin were estimated at 61,284 Gg CO2eq yr
-1

. When both 

direct emissions (including agricultural and nonagricultural activities) and indirect emissions 

(from the hydrosystem) were summed, the value was much higher for CO2 (48,528 Gg CO2eq 

yr
-1

), while CH4 and N2O were estimated at 7,634 Gg CO2eq yr
-1 

and 5,122 Gg CO2eq yr
-1

,
 

respectively (Fig. 4-6). While agricultural activities were responsible for a quarter of the total 

GHG emissions in the Seine basin (14,295 vs. 61,284 Gg CO2eq yr
-1

, Table 4-2), the 

https://www.citepa.org/fr/
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hydrosystem only accounted for a small proportion of the total emissions of each of the three 

gases 4.5% for CO2, 0.1% for CH4, and 1.9% for N2O (Fig. 4-6, Table 4-2). 

 

Fig. 4-6 Greenhouse gas emissions (CO2, CH4 and N2O in Gg CO2eq yr
-1

) from the Seine hydrographic network 

and those from the watershed, divided into agricultural and nonagricultural (GIS treatments applied to CITEPA 

data; https://www.citepa.org/fr/,  last accessed 2018/11/05); Data for Ile-de-France are from Wu et al. (2016) and 

Staufer et al. (2016). 

4.4. Discussion 

4.4.1. Limits to our calculations of the emission 

To calculate gas emissions from the drainage network, k was computed according to 

Raymond et al. (2012), which validated the equation on small streams. The equation selected 

for k is linearly dependent on the slope and the water velocity averaged per SO and per 

season. Although the Seine catchment is relatively flat as the Seine source is located around 

500 m asl. (French water authorities – AESN), the importance of the slope in k can lead to 

under- or overestimation of GHG fluxes. Similarly, exceptional flood events resulting in high 

turbulence (and water velocity) were not taken into account in this study, which could bias 

our estimations. However, comparing our results with those previously published for N2O and 

CH4 using a different equation (Garnier et al., 2009 and 2013), did not change the numbers 

much. We thus consider that our results provide robust estimates, although there is a need for 

k measurements in the Seine hydrosystem, which could increase the accuracy of GHG 

emissions. Although uncertainties persist in the estimates of GHG direct emissions in the Ile-

https://www.citepa.org/fr/
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de-France region and the rest of the basin, we believe that the order of magnitude is also 

correct. 

4.4.2. Patterns of indirect CO2, CH4, N2O emissions from rivers in the 

drainage network: differences and similarities 

Surprisingly, 95.3% of the indirect GHG emissions of the Seine drainage network were 

mainly linked to CO2, compared to CH4 (0.3%) and N2O (4.4%) emissions. Considering the 

higher stream orders (SOs) of the Seine River as productive systems (Garnier et al., 2005, 

2007) and despite the recent decrease in algal bloom (Aissa-Grouz et al., 2016), we had 

expected uptakes of CO2 in the river network. Studying pCO2 at the scale of the whole Seine 

drainage network revealed oversaturation in CO2 at all locations and in both seasons, which 

we interpreted as being caused by soil leaching as well as inputs from aquifers where 

concentrations were up to ten times higher than those in the surface water (20,000–60,000 

ppm in the Brie aquifer, data not shown), and releases of effluents from WWTPs. 

Oversaturation of the GHGs with respect to atmospheric concentrations was not only 

observed in the Seine River (see also Garnier et al., 2009 and 2013), but also in the other 

temperate river, the Meuse (Borges et al., 2018), where groundwater has also been reported to 

be a source of CO2 oversaturation. Contributions from groundwaters, quickly degassed at the 

head of the basin, were experimentally demonstrated by Garnier et al. (2009) for N2O. 

Further, the higher GHG emissions in small SOs can be linked not only with higher 

concentrations but also with higher gas exchange rates (k and k600) (see Eq. 2, 3), k being 

linked with the slope of the basin, on average higher for lower SOs.  

In headwaters, allochthonous organic matter inputs and nitrate fertilizer leaching are also 

possible sources of GHG emissions from mineralization of organic carbon in the soil and 

groundwaters, along with denitrification in riparian zones (see Fig. 4-8; and Richey et al., 

2002; Venkiteswaran et al., 2014). Denitrification in soils or sediments (i.e., nitrate reduction) 

is known to produce more N2O in anoxic or suboxic conditions (Garnier et al., 2010; Vilain et 

al., 2014; Benoit et al., 2015) than nitrification. Regarding CH4, anoxic organic-enriched 

locations of the river banks or in-stream sediment may enhance methanogenesis. While high 

CO2 and CH4 concentrations have been reported to be related to the extent and connectivity 

with wetlands in a tropical river system (Borges et al., 2015a; Teodoru et al., 2015), the 

(intensively cropped) Seine River basin only contains a small proportion of wetlands. We 
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identified CO2 emissions from headwaters (1
st
 and 2

nd
 SOs) dominating the  GHG source of 

the hydrosystem at 44%, like Marx et al. (2017), who estimated that 36% of CO2 global 

riverine emissions originate from headwaters. In comparison to CO2 emissions for the Seine 

basin, N2O emissions from headwaters represented 34% and CH4 emissions only 25% of their 

respective total emissions (see Fig. 4-7). However in three US headwater streams draining 

land under mixed uses, Schade et al. (2016) found lower CO2 emissions in these mainly sandy 

streambeds, than in the carbonated streambeds in the Seine River, but potentially high CH4 

and N2O emissions, probably due to organic-enriched streams where these authors reported a 

close relationship between total GHG emissions and concentrations of dissolved organic 

carbon (DOC).  

In medium sectors of the Seine River, the decreasing contribution of groundwater as well as a 

decreasing ratio of terrestrial and riparian surface areas compared to the water volume could 

explain the lower emissions (Fig. 4-8).  

 

Fig. 4-7 Greenhouse gas (CO2, CH4 and N2O) emissions from the Seine hydrographic network (yearly average of 

14 campaigns (2010–2017). The pie charts represent the proportion of GHG emissions expressed in GWP. 

Percentage contributions are given for small (1
st
 to 2

nd
 SO), intermediate (3

rd
 to 5

th
 SO) and large (6

th
 to 7

th
 SO) 

rivers in the Seine watershed. 
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Higher emissions of the three GHGs in the higher SOs (6–7) can be interpreted as a response 

to WWTP effluents discharged downstream from the Paris conurbation (Fig. 4-8). As the 

water column was not fully anoxic even in the sector of effluent outlet, CH4 may be linked to 

methanogenesis in the sediment that is rich in settled organic matter, while CO2 is expected to 

result from organic matter respiration in both the water column and sediment (Battin et al. 

2009; Vilmin et al. 2015; Garnier et al., 2009 and 2013). For N2O emissions, in addition to 

denitrification in suboxic zones (at the scale of the bottom sediment-water interface, but also 

at the particle level (Garnier et al., 2007, 2009; Jia et al., 2016; Xia et al., 2017), nitrification 

of the ammonium massively supplied by effluents was also a source of N2O emissions 

(Garnier et al., 2007, 2009; Burgos et al., 2017). With lower gaseous exchange rates 

calculated in these higher SOs, the emissions of the three GHGs accounted for 26%, 52% and 

38% of the total drainage network flux for CO2, CH4 and N2O, respectively in the 6
th

 and 7
th

 

SOs (see Fig. 4-7).  

 

Fig. 4-8 Schematic representation of the sources of CO2, CH4 and N2O emissions from the 

Seine hydrosystem. OM: organic matter; NH4
+
: ammonium 
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Physiological processes enhanced by higher temperature did not systematically lead to higher 

GHG emissions in the summer, pointing to complex interactions between in-stream microbial 

processes (mineralization) and the contribution of groundwater (diffuse sources) and 

discharge of effluents (point sources). Upstream-downstream patterns of the three GHG 

concentrations, which were further detailed in 11 longitudinal profiles along the main stem of 

the Marne River and the lower Seine stem, showed “background” concentrations along the 

main stem of the Marne compared to the peaks observed downstream. The impact of the 

Parisian WWTPs was quite clear immediately downstream from their outlets and decreased 

within the 30 km downstream, partly due to dilution by the Oise River and in-stream 

processes. Farther downstream, GHG concentrations again increased, reflecting the major 

impact of the treated effluent from the Rouen conurbation. Although the number of inhabitant 

equivalents treated is 12 times higher in the Paris WWTPs than in Rouen’s, the carbon load 

was only six times higher (i.e., a lower carbon abatement in the Rouen WWTP, with its 

smaller capacity), explaining the high impact. Such an impact of point source pollution, i.e., a 

discharge of labile organic matter into rivers, has already been reported to increase pCO2 

(Kempe, 1984). The significant relationships between (i) N2O, NH4
+
 and NO2

-
 and (ii) CO2, 

oxygen and DOC we found in our study corroborated the importance of in-stream processes 

that are mainly supported by anthropogenic inputs via urban effluents (i.e., mineralization of 

organic matter, denitrification, nitrification and lower oxygen concentration in the lower Seine 

River). In African rivers, Borges et al. (2015b) reported similar net heterotrophic dynamics 

for these aquatic ecosystems based on the relationships between pCO2, CH4 and dissolved 

oxygen (O2), despite lower domestic wastewater inputs in tropical systems, but with forested 

riparian zones and wetlands that also enriched the river in organic matter.  

It is worth mentioning that only diffusive emissions of CH4 were taken into account, although 

40% ebullition of indirect emissions could be added (Garnier et al., 2013). However taking 

the high contribution of CO2 emissions in the drainage network into account would not affect 

the overall results.   
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4.4.3. Direct CO2, CH4, N2O emissions from the Seine basin: agricultural 

and nonagricultural emissions  

Indirect GHG emissions from the hydrographic network accounted for 3.7% of the total 

emissions, 23.3% being linked to agricultural activities and land use, 73.0% to nonagricultural 

uses (dominated by the urban sources in the Ile-de-France region). 

Such a high proportion of nonagricultural GHG (heating, transport, energy and industry) from 

a very highly populated area (Ile-de-France with 12 M inhab. vs. 16 M inhab. for the entire 

Seine basin) is not surprising, and is in line with results reported for other large cities (Pataki 

et al., 2006). Although human respiration, which accounts for 10% of the total (1 kg CO2 

inhab
.-1

 yr
-1

, Prairie and Duarte, 2007), was included in the estimates as the measurements 

came from tower fluxes and atmospheric inversion (Breón et al., 2015; Wu et al., 2016), we 

did not subtract this flux. Urban agriculture and many other small sectors (Wu et al., 2016), 

reported to account for 2.7%, were not taken into account either. On the whole, according to 

Bréon et al. (2015), we can consider that in megacities such as Paris and it conurbation, net 

CO2 fluxes are dominated by fossil fuel emissions. These Ile-de-France fuel emissions are 

hypothesized to account for 12% of those from France as a whole (Boden et al., 2013). 

Among the 23.3% of agricultural emissions, the highest proportion (51%) was related to CH4 

although since the late 1970s, livestock has been confined to the periphery of the Seine basin 

(Mignolet et al., 2007). N2O emissions accounted for 33% and CO2 for 16% of agricultural 

emissions. Whereas intensive cereal cropping contributed to N2O direct emissions though 

fertilization (Bouwman, 1996; Cayuela et al., 2017), it also contributes to CO2 emissions 

linked to the manufacture of fertilizers and direct fuel consumption for the cultivation of the 

35,000 km
2
 basin (Garnier et al., 2013). 

 Finally, for a highly human-populated basin such as the Seine, the riverine emissions 

accounted for only a small fraction (3.7%) of total emissions. However, cities have mitigation 

options, such as green technologies, and changes in lifestyle (drastic reduction in fossil energy 

consumption for individual vehicles, better insulation of buildings, etc.) as well as structural 

changes in agricultural production (e.g., more organic agriculture without mineral fertilizers, 

carbon storage) that may alter the proportions of emissions currently estimated to be 

dominated by CO2 emissions. 
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4.5. Conclusion 

In this study, we estimated emissions of greenhouse gases from the Seine hydrosystem 

characterized by a high population rate and intensive agriculture. At the regional scale of the 

Seine basin, CO2 emissions (in CO2 eq.) accounted for 6.4 and 9.5 times the amount of CH4 

and N2O emissions, respectively, in good agreement with the ~10 times found at the global 

scale. 

We showed that the hydrological drainage network of the Seine River was oversaturated in 

GHGs (CO2, CH4, and N2O) with respect to their atmospheric concentrations. GHG emissions 

from the Seine hydrosystem accounted for only 3.7% of the total GHGs emitted from the 

basin as a whole. GHG emissions from the hydrosystem were also dominated by CO2 

emissions (95.3% of the 3.7%) and were interpreted as controlled by soil leaching and 

groundwater discharges in small SOs and by wastewater effluents along the main stem of the 

Seine River. Of the 73% of the GHG emissions originating from the nonagricultural sector, 

CO2 emissions contributed 98%, and most came from the Ile-de-France region. For the 

agricultural sector, the 23.3% of GHG emissions mainly comprised CH4 and N2O – 51% and 

33%, respectively – while CO2 emissions accounted for only 16%. 

In the future, modeling different scenarios for climate change or changes in anthropic pressure 

in the Seine basin (including agricultural practices and energy consumption) could enable us 

to propose actions to minimize the emissions of these greenhouse gases. 
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4.6. Annex 

4.6.1. Annex 4-1. Lithology (Albinet, 1967) and stream orders (Strahler, 

1952; 1957) in the Seine basin. 

 

Fig. 4-9 Map of the lithology (Albinet, 1967) and stream orders (Strahler, 1952; 1957) in the Seine basin. 

4.6.2. Annex 4-2. Relationships between direct and indirect pCO2. 

A relationships was established between direct and indirect pCO2 measurements (n=108) for 

the Seine River basin (Marescaux et al., 2018) to reduce pCO2 indirect calculation bias (see 

Abril et al., 2015).  

𝒄𝒐𝒓𝒓𝒆𝒄𝒕𝒆𝒅 𝒑𝑪𝑶𝟐
 =  𝟏𝟎

(
𝒍𝒐𝒈(𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 𝒑𝑪𝑶𝟐

)− 𝟎.𝟓𝟏

𝟎.𝟖𝟓
)

 (Marescaux et al., 2018a) 

where calculated pCO2 is partial pressure of carbon dioxide (ppmv) calculated from pH, total 

alkalinity, and water temperature using the CO2SYS software (Pierrot et al., 2006). The 

carbonate dissociation constants (K1 and K2) applied are from Millero, (1979) with zero 

salinity. CO2 solubility is from Weiss, (1974). 
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4.6.3. Annex 4-3 Spatial and seasonal variations in gas transfer velocities 

(k) of CO2, CH4 and N2O 

The difference in GHG concentrations between the atmosphere and water surfaces, and gas 

transfer velocities, control GHG emissions. Values of gas transfer velocities (k) were higher 

for all GHGs for small Strahler order (SOs) than for high SOs (Fig. 2). Our k calculations (Eq. 

3) are directly related to slope, water velocity and water temperature. Consequently, k trends 

according to Strahler order were in more in agreement with the steeper slopes of the small 

headwater streams than with those of the main streams. Seasonal patterns and gas transfer 

velocity values were similar for CO2 and N2O, with higher k in winter for small SOs than in 

summer, while the opposite patterns were observed for SOs 5–7. This resulted from the 

increase in water flow and water velocity in winter that affected k values more strongly in 

small SOs than in main streams, whereas in summer, higher water temperatures led to higher 

k in higher SOs than upstream. However, the k of CH4 showed a different pattern with lower k 

in summer whatever the SO. Indeed, k depends on water temperature sensitivities of the 

Schmidt number of the different gases.  

 

Fig. 4-10 Gas transfer velocity for CO2, CH4, N2O calculated according to the fifth equation in table 2 in 

Raymond et al. (2012) as a function of stream order (SO) in the Seine basin in winter (blue) and in summer (red). 

Whiskers are standard deviations between observed GHG concentrations 
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4.6.4. Annex 4-4 Greenhouse gas concentrations ([GHG]) and fluxes 

(fGHG) with associated standard deviations and 95% confidence 

intervals averaged by season and by stream order. 
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4.6.5. Annex 4-5 Results of the statistical differences between mean of 

greenhouse gas concentrations by stream order. 
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4.6.6. Annex 4-6 Exact locations, mean and standard deviations of water 

quality parameters (chlorophyll a (Chl. a), total alkalinity, pH, dissolved 

oxygen (O2), and dissolved silica (DSi)) of the sampling stations located 

along the main stem of the basin. 

 

 

 

 

 

 

 

 

  

Name of the sampling station mean SD mean SD mean SD mean SD mean SD mean SD

Tancarville 49°28'21.2"N 0°27'51.5"E 337.00 33.20 22.18 17.05 2.4 4.17 0.42 8.09 0.18 7.41 0.74 3.31 0.90

Caudebec 49°31'13.0"N 0°44'50.1"E 310.50 14.22 10.05 17.73 2.0 4.14 0.41 8.05 0.21 7.48 0.71 3.07 1.10

Duclair 49°28'47.3"N 0°52'34.0"E 278.00 11.63 12.30 17.61 2.5 4.05 0.51 7.96 0.21 7.22 1.09 3.06 1.24

Bouille 49°21'07.8"N 0°56'03.6"E 259.70 12.20 14.17 17.88 2.3 3.99 0.66 7.94 0.18 7.14 0.80 2.97 1.32

Bas Dock 49°26'36.9"N 1°03'51.9"E 251.30 28.06 64.35 17.75 2.4 4.06 0.65 8.11 0.40 7.75 0.93 3.23 1.27

Oissel 49°20'13.8"N 1°05'36.4"E 229.40 24.53 50.89 18.00 2.3 4.01 0.61 8.02 0.23 8.20 0.83 2.83 1.39

Elbeuf 49°17'36.9"N 1°00'35.0"E 218.97 26.59 51.02 18.00 2.4 3.95 0.65 8.03 0.24 8.56 1.09 2.88 1.33

Poses 49°18'35.9"N 1°14'10.9"E 202.00 21.57 42.48 18.26 2.5 3.99 0.52 7.98 0.23 8.44 1.40 2.78 1.34

Vernon 49°05'44.9"N 1°29'15.9"E 150.00 15.76 31.64 17.99 2.9 3.90 0.66 7.93 0.24 8.13 0.57 2.78 1.29

Porcheville 48°57'59.4"N 1°46'35.3"E 101.00 8.39 10.53 17.96 2.8 4.05 0.47 7.88 0.26 7.23 0.87 2.80 1.24

Poissy 48°56'12.3"N 2°02'19.6"E 76.00 6.14 6.54 17.85 2.9 4.06 0.45 7.84 0.19 7.72 0.99 2.86 1.32

Conflans 48°59'19.2"N 2°04'55.2"E 70.00 3.51 3.33 18.24 2.9 3.68 0.42 7.85 0.21 7.12 1.28 2.52 1.16

Maison Laffite 48°56'41.1"N 2°09'30.7"E 48.00 4.57 3.72 18.12 3.0 3.72 0.46 8.05 0.39 7.43 1.01 2.25 1.11

Saint Maurice 48°49'00.4"N 2°25'11.9"E 0.00 19.58 52.80 17.50 3.2 4.18 0.39 8.17 0.26 9.52 2.16 2.25 1.11

Neuilly sur Marne 48°51'13.0"N 2°31'57.9"E -30.00 10.15 19.12 17.43 2.9 4.29 0.39 8.17 0.21 8.94 1.50 2.32 1.19

Annet 48°54'59.0"N 2°43'08.1"E -50.00 9.19 16.06 17.18 2.8 4.31 0.38 8.17 0.17 8.97 1.11 2.22 1.10

Sammeron 48°58'10.8"N 3°19'15.0"E -120.00 6.80 8.53 17.16 3.1 3.97 0.39 8.16 0.17 8.89 0.84 1.82 0.85

Saulchery (Nogent l'Artaud) 49°04'31.7"N 3°38'12.5"E -150.00 4.76 4.49 17.17 3.0 3.93 0.35 8.12 0.30 8.64 0.97 1.65 0.76

Dormans 48°59'43.0"N 4°14'38.1"E -180.00 4.68 3.48 17.16 3.3 3.69 0.45 8.11 0.26 8.58 0.74 1.44 0.59

Matougues 48°37'20.9"N 4°42'01.9"E -260.00 3.12 1.53 16.49 3.3 3.62 0.53 8.04 0.17 8.60 0.97 1.28 0.62

Moncetz l'Abbaye 48°38'49.0"N 4°39'12.7"E -335.00 5.06 3.36 16.23 3.7 3.47 0.59 8.12 0.18 8.95 1.22 0.98 0.56

Arrigny 48°37'20.9"N 4°42'01.9"E -337.00 7.15 6.95 16.30 4.0 3.34 0.79 8.03 0.52 8.63 1.70 1.08 0.59

Larzicourt 48°37'47.2"N 4°42'34.0"E -340.00 5.83 3.96 15.11 2.7 4.17 0.43 8.15 0.39 8.69 1.46 1.21 0.81

pH (-) O2 (mg l-1) DSi (mg l-1)

Coordinates (EPSG 3857)
km           

(Paris = 0)

Chl. a (µg/l)
Water temperature 

(°C)

Alkalinity            

(mmole l-1)
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Abstract 

France was a traditionally agricultural country until the first half of the 20
th

 century. Today, it 

is the first European cereal producer, with cereal crops accounting for 40% of the agricultural 

surface area used, and is also a major country for livestock breeding with 25% of the 

European cattle livestock. This major socioecological transition, with rapid intensification and 

specialisation in an open global market, has been accompanied by deep environmental 

changes. To explore the changes in agricultural GHG emissions over the long term (1852–

2014), we analysed the emission factors of N2O from field experiments covering major land 

uses, in a gradient of fertilisation and within a range of temperature and rainfall, and used CH4 

emission coefficients for livestock categories, in terms of enteric and manure management, 

considering the historical changes in animal excretion rates. We also estimated indirect CO2 

emissions, rarely accounted for in agricultural emissions, using coefficients found in the 

literature for the dominant energy consumption items (fertiliser production, field work and 

machinery, and feed import). From GHG emissions of ~30,000 ktons CO2 Eq yr
-1

 in 1852, 

reaching 54,000 ktons CO2 Eq yr
-1 

in 1955, emissions more than doubled during the ‘Glorious 

thirties’ (1950–1980), and peaked around 120,000 ktons CO2 Eq yr
-1

 in the early 2000s. For 

the 2010–2014 period, French agriculture GHG emissions stabilised at ~114,000 ktons CO2 

Eq yr
-1

, distributed into 49% methane (CH4), 22% carbon dioxide (CO2) and 29% nitrous 

oxide (N2O). A regional approach through 33 regions in France shows a diversity of 

agriculture reflecting the hydro-ecoregion distribution and the agricultural specialisation of 

local areas. Exploring contrasting scenarios at the 2050 horizon suggests that only deep 

changes in the structure of the agro-food system would double the reduction of GHG 

emissions by the agricultural sector.    

 

 

 

 

Keywords: French agriculture, GHG emissions, historical reconstruction, spatial distribution, 

scenario analysis 
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5.1. Introduction 

Atmospheric greenhouse gas (GHG) concentrations such as carbon dioxide (CO2), methane 

(CH4) and nitrous oxide (N2O) have rapidly increased, especially since the mid-20
th

 century, 

as shown by ice core and modern data (IPCC 2006- Eggleston, 2006). At the global scale, 

agricultural activities and land use changes accounted for 24% of the total emissions (IPCC 

2006- Eggleston, 2006) (not including indirect emissions such as those linked to fertilizer 

manufacture). For the European Union (EU-28), agricultural emissions are considered as the 

second largest GHG contributors after fossil fuel combustion (respectively, 10% vs. 78% of 

total EU emissions, amounting 4,300 million tons CO2 equivalent, in 2016) (EEA, 2018). For 

France (out of the 520 million tons CO2 equivalent yr
-1

, GHG from agriculture and fossil fuel 

combustion represented 19% vs. 71%, respectively in 2010, with a decreasing trend since the 

Kyoto protocol (CITEPA, 2012). Fugitive emissions from fuels represented only 1% of the 

total GHG emissions, industrial processes accounted for about 3.7% and wastes for 4.8% 

(CITEPA, 2012).  Surprisingly, according to CITEPA, whereas 66% and 87% of CH4 and 

N2O emissions are issued from French agriculture, agriculture is not considered as a source of 

CO2, its emissions being included in others sectors (machinery, chemicals, …). Therefore, the 

role of agriculture in overall GHG emissions, including direct and indirect CO2 emissions 

linked to fossil fuel-driven farming practices still present a number of uncertainties (Lemke et 

al., 2007). 

The control factors of agricultural N2O, CH4 and CO2 emissions differ greatly from each 

other. Nitrous oxide fluxes are often reported to be associated with mineral fertiliser 

applications (Bouwman, 1996; Skiba et al., 1996; Smith et al., 1997;  ENA, 2011- Sutton et 

al., 2011), particularly on wet non-saturated soils (Clayton et al., 1994; Aguilera et al., 2013), 

but manure and other organic fertilisers also contribute to N2O emissions (Aguilera et al., 

2013). Methane (CH4) fluxes come essentially from livestock (Moss et al., 2000; Vermorel et 

al., 2008; Springmann et al., 2018), manure management and enteric fermentation 

(particularly ruminants), although some soils can be a CH4 sink through CH4 oxidation 

(Boeckx and Van Cleemput, 2001), a capacity that managed agricultural soils have partly lost 

due to nitrogen fertiliser application, which is unfavourable to methane oxidizing micro-

organisms (Ojima et al., 1993; Dobbie and Smith, 1996). In contrast, paddy soils could be net 

emitters of this gas. While net soil CO2 emissions result from the balance between humified 
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organic matter input and  mineralisation or leaching, CO2 emissions by agriculture stem more 

from CO2 emitted from the fossil fuel use related to fertiliser manufacture, use of machinery 

for farm work and feed imports (Gingrich et al., 2007;  Dyer et al., 2010;  Aguilera et al., 

2015). How these different control factors combine with each other to determine the 

variations in time and space of GHG emissions by agricultural systems remains a question 

that is difficult to answer.   

France is currently the world’s fourth largest agricultural exporter (www.fao.org/faostat), with 

a rather diversified mosaic of regional agricultural systems. It therefore constitutes a good 

case study for analysing the relationships between the structural characteristics of agriculture 

and its GHG emissions.  

Based on the concepts of socio-ecological trajectories (Fischer-Kowalski and Haberl, 2008) 

and territorial ecology (Barles, 2010; Barles, 2017), the long-term trends of the French agro-

food system have been described by Le Noë et al. (2018) in terms of N, P and C fluxes over 

the period from 1852 to 2014. A gradual intensification and specialisation of regional systems 

was shown, all characterised by integrated crop and livestock farming until the beginning of 

the 20
th

 century, toward either specialised cropping systems fueled by synthetic fertilisation or 

intensive livestock farming highly dependent on external feed imports (Le Noë et al., 2018). 

Within the country, the Seine watershed is one emblematic example of the former specialised 

cropping systems, while Bretagne is a region of typical intensive livestock farming systems 

highly disconnected from croplands. Marescaux et al. (2018) established the GHG budget for 

the Seine Basin, including the hydrosystem network, the agricultural and non-agricultural 

sectors. Of the approximately 61,000 ktons CO2 Eq yr
-1 

emitted from the whole Seine Basin, 

non-agriculture GHGs were shown to dominate the total emissions (73%), while the 

agricultural sector amounted to 23% and emissions by rivers reached 4%. The agricultural 

emissions found for the Seine Basin were 30% higher than those provided by official French 

GHG emission inventories.  

The first aim of this paper is to establish a spatially distributed long-term budget of GHG 

emissions by the French agricultural sector, based on previous studies on GHGs (Garnier et 

al., 2009; Garnier et al., 2013; Marescaux et al., 2018).  

A major issue behind this effort is to identify the effect of the structural changes from mixed 

crop and livestock farming systems to specialised systems on the GHG emissions account. 

http://www.fao.org/faostat)
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Indeed, the shift of agricultural and livestock management practices which occurred with 

mechanisation and intensification are expected to cause increased GHG emissions. Moreover, 

specific emission rates of CO2, CH4, N2O are expected to depend either on crop or livestock 

typologies. Another objective is to determine the levers for future mitigation of N2O, CH4 and 

CO2 emissions by agricultural practices. In this line, we explored two contrasting scenarios 

recently developed by Billen et al. (2018): (i) continuing the current trends of specialisation 

into either cropping systems based on chemically synthesised inputs or intensive livestock 

farming highly dependent on feed import; and (ii) shifting to organic farming and 

reconnection of crop and livestock farming, while reducing the animal proteins in human diets 

by half. These two prospective scenarios of French agriculture are tested in order to evaluate 

to which extent less intensive agriculture and livestock breeding can allow a reduction of 

GHG emissions. 
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5.2. Material and methods  

5.2.1. Major physiographic and agricultural characteristics of France  

France is a heterogeneous country with a mountainous region in the South-East and low relief 

in the West (Bretagne) as well as large sedimentary plains in the lower part of the Seine, Loire 

and Garonne rivers flowing to the Atlantic façade. From north to south, there is a climate 

gradient: temperate, oceanic, temperate warm, and Mediterranean climatic zones (Fig.5-1a). 

These regions are dominated by field crops in the South-West and North-West parts of the 

country, with Bretagne dominated by intensive livestock farming (Fig.5-1b). The rest of 

France (in the South-East) is either characterised by large vineyard domains in the areas 

bordering the Mediterranean Sea or in the Rhone alluvial corridor, and by varied mixed crop 

and livestock in the mountainous regions (the Alps, the Jura and the Massif Central). With 33 

regions defined by aggregation of the 94 metropolitan départements (Le Noë et al., 2017), we 

defined three supra-regions, with a similar surface area, with homogenous agricultural 

patterns and climate for each: (i) the Seine Basin, due to its intensive cereal cropping 

agriculture and temperate climate, (ii) the oceanic-temperate Great West, including the 

Bretagne region and the lower Loire basin with intensive livestock, and the Great South-West 

covering the Garonne basin, with a temperate warm climate, particularly conducive to 

growing maize for feed purposes (Fig.5-1c).               

5.2.2. Reconstruction of past land use and agricultural system  

The GRAFS approach for characterising the agricultural structure over the long term    

The GRAFS approach (Generalized Representation of Agro-Food System), firstly developed 

and applied on a global scale (Billen et al., 2013; Billen et al., 2014; Lassaletta et al., 2014b) 

to local scales (Garnier et al., 2016) for nitrogen (N) circulation, was enlarged to phosphorus 

(P) (Garnier et al., 2015) and now to N, P and carbon (C) (Le Noë et al., 2017). Briefly, the 

GRAFS approach describes the agro-food system of a given geographical area by considering 

four main compartments exchanging nutrient flows: cropland, grassland, livestock system and 

local population. The potential losses to the environment associated with these exchanges 

have been estimated for hydrosystems (Garnier et al., 2015, 2016, 2018), but not yet for losses 

to the atmosphere. This functional representation links arable land productivity, semi-natural 

or managed grassland that contributes to livestock feeding, and finally, human food 
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requirements. The agro-food system is driven by (i) nutrient inputs to the soil (synthetic 

and/or organic fertilisation, atmospheric deposition [hereafter referred to as exogenous 

fertilisation] as well as symbiotic fixation), (ii), the size of the livestock and its feed 

requirement and (iii) the size of the human population and its dietary preferences, including 

feed and food imports/exports. The GRAFS approach does not take into account forested 

areas.  

 

 

    Fig.5-1. General characteristics for France of a. climate from hydroecoregion; b. agricultural patterns; c. 

homogenous agricultural regions (33) and perimeter of three supra-regions chosen for their identical surface area 

and their trend for agricultural specialisation.   

Based on the long-term agricultural statistics available at the scale of the 94 French 

administrative “département” units for metropolitan France (equivalent to the European 

Union NUTS3 statistical division) and additional data gathering (e.g. the forested areas 

below), the GRAFS approach was documented for 22 dates from 1852 to 2014, and for the 33 

French regions (Le Noë et al., 2017; 2018), (Fig.5-1).  

  

33 Regions

Seine Basin

Great West 

Great South-West
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Past evolution of forested areas   

The surface forest and wooded areas were documented by “département” for the years 1929 

(Ministère Agriculture – Enquête Agricole), 1946, 1950, 1955, 1960 and 1965 (Ministère 

Agriculture – SAA). All years were available from 1970 to 1988 based on data provided by 

Agreste-SSP. The recent years from 1989 to 2014 were retrieved from the AGRESTE 

database on agricultural statistics (https://stats.agriculture.gouv.fr/disar-web/). For France, 

whereas the total surface areas amounted to 10.67 10
6
 ha in 1929, examining the chronicle by 

Cinotti (1996)for the 19
th

 century showed values around 9.3 10
6
 ha in 1850 (compared to the 

10.67 10
6
 ha in 1929) and a linear trend for the intermediate dates, 1885 and 1906. The same 

changes were applied to the 33 regions, for the dates before 1929.  

5.2.3. Reconstruction of greenhouse gas emissions   

As a whole, the GHG budget of the agriculture sector can be estimated as the result of N2O 

emissions from cropped soils, grassland and forest, CH4 released from livestock production 

(enteric fermentation and manure management) and CO2 emitted from fossil fuel directly used 

by farming practices as well as indirectly for manufacture and transport of agricultural inputs. 

Due to their specific origin, each of these GHG emissions required an adapted methodology. 

Agricultural soil C sequestration has been estimated elsewhere and will be compared to GHG 

emissions (Le Noë et al., 2018).   

Reconstruction of N2O emissions 

To infer N2O emissions back to 1852 at the scale of the 33 regions of France, on the basis of 

the recent knowledge gained from field measurements, we first established an empirical 

relationship linking yearly N2O emissions to mineral and organic fertilisation, temperature 

and rainfall, and then assumed that this relationship could be extrapolated to past situations 

within the timeframe of this study (e.g., Bouwman, 1996). 

For N2O emissions, a literature review from Garnier et al. (2009) and Cayuela et al. (2017) 

was completed for a total of 208 yearly cropland N2O emissions values and their associated 

explicative variables, namely N fertiliser (organic and mineral) inputs, annual mean 

temperature and rainfall. A similar set of data was gathered for 138 cases of grasslands. For 

forests, we found 38 cases for N2O emissions that were only associated with temperature and 

rainfall data, since they had not been fertilised. Additional early field measurements from the 

https://stats.agriculture.gouv.fr/disar-web/
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Seine watersheds were also included in this analysis (Benoit et al., 2015; Garnier et al., 

unpublished data). The complete data set is presented in the supplementary material.  

We searched the best fit parameters for the following relationship:  

N2Oem = (a + b Ninp
d 

) * (Rain/Rainref)
c 
* Q10

T/10
 Eq. 1 

where N2O emissions (N2Oem) and N inputs (Ninp) are in kg N2O-N ha
-1

 yr
-1

, rainfall (Rain) in 

mm yr
-1

 and temperature (T) in °C (Table 5-1), and a, b, c, Rainref, d and Q10 are parameters to 

be calibrated within a range of realistic values.  

This relationship assumes a power function for the relationship with N inputs and rainfall, and 

a classical Q10  exponential relationship with temperature.  

Table 5-1. a. Summary of the data gathered for establishing relationships between N2O emissions and its 

controlling factors, n=394, number of data. Relationships, and associated parameter values: b. for cropland and 

grassland and c. for forest. NRMSE and bias are calculated for evaluation of the fitted relationships. 

a.  

N=394 Nb of 

values 

N inputs, 

kgN ha
-1

 yr
-1

 

Rainfall, 

mm yr
-1

 

Temperature, 

°C 

N2O emission, 

kgN-N2O ha
-1

 yr
-1

 

Cropland 208 0-450 327-1250 2.75-18.5 0.01-11.0 

Grassland 138 0-753 400-1837 1.0-16.0 -0.5-18.9 

Forest 48 0 607-1239 3.6-10.1 0.17-4.9 
 

 

b.    N2Oem = (a + b Ninp
d 
) * (Rain/Rainref)

c
 * Q10

T/10
 

 units value ± step 

a kgN/ha/yr 0.15 0.05 

b dimless 0.016 0.001 

c dimless 1.0 0.05 

d dimless 1.2 0.1 

Rainref mm/yr 1000 100 

Q10 dimless 1.2 0.2 

nRMSE = 14% 

  bias = 5% 
 

c. 

N2Oem = a * (Rain/Rainref)
c
 * Q10

T/10
 

 units value ± step 

a kgN/ha/yr 1.9 0.05 

c dimless 1 0.1 

Rainref mm/yr 1400 100 

Q10 dimless 1.2 0.2 

  nRMSE = 23% 

  bias = 10% 
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Since most grassland was fertilised, no significant difference was found between cropland and 

grassland so that the two data series were merged. Regarding forests, Ninputs are restricted to 

atmospheric deposition and a specific relationship was established (Table 5-1).  

The six parameter values (a, b, c, d, Rainref and Q10) were determined by a systematic 

optimisation procedure searching the combination of parameter values providing the best fit 

of the calculated emissions to the observed N2O emission values. The resulting relationship 

fits the data with an acceptable % bias and Normalised RMSE (root mean square error 

normalised against the range of observed values) (Table 5-1).  Further details on the 

procedure are provided in Supplementary Material (SM2). 

These relationships were applied to cropland and grassland on one hand and to forest on the 

other hand for each region and 22 dates from 1852 to 2014. Temperature and rainfall were 

reconstructed from EOPS data for the 1950–2017 period (Version 17, 0.25 degrees resolution 

(https://www.ecad.eu/download/ensembles/download.php) and spatially averaged by French 

“département” (NUTS-3 equivalent). For the period prior to 1950, temperature and rainfall 

data were downloaded for 28 towns spread over the country, back to the dates available in the 

past, between 1850 and 2017 (http://meteo-climat-bzh.dyndns.org/mete100-1783-2018-3-tn-

1-0-0.php). To avoid any discrepancy between the two series, the anomaly for each town was 

calculated compared to the mean over the long-term period and then added to the mean 

calculated for the 1950–2017 period. The values prior to 1950 for the towns were then 

assigned to their respective regions. The same procedure was applied for both temperature 

and rainfall. The average differences between the two data series for the 1950-2017 period for 

all 33 regions is close to zero (i.e., no systematic bias) with a standard deviation of 15%, for 

temperature and rainfall.  

Reconstruction of CH4 emissions  

CH4 emissions were estimated based on livestock numbers and specific emission factors for 

each animal and age class category, corrected for past variations in excretion rates.  

Current CH4 emission factors (kg-CH4 head
-1

 year
-1

) from enteric fermentation and manure 

storage and management were taken from Garnier et al. (2013 in Table 1SM) compiled 

principally from Vermorel et al. (2008), IPCC 1997 - Houghton et al. (1997) and Zhou et al. 

(2007). An emission factor for humans was also taken into account, following (Crutzen et al., 

1986). 

https://www.ecad.eu/download/ensembles/download.php
http://meteo-climat-bzh.dyndns.org/mete100-1783-2018-3-tn-1-0-0.php
http://meteo-climat-bzh.dyndns.org/mete100-1783-2018-3-tn-1-0-0.php
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These CH4 emissions concerned five animal sub-categories for cattle, three for sheep, three 

for pig, five for poultry, while goat, horse and rabbit represented one category each. Knowing 

the number of heads per category and the associated manure produced, the total amount of 

CH4 emitted by livestock was calculated using the corresponding specific emission factors. 

Livestock numbers per category were taken directly from agricultural statistics (Agreste, 

2013, or Gallica: https:/gallica.bnf.fr, last accessed November 2018) when these numbers 

were not available from Agreste). However, the evolution of animal size and physiology 

changed over the period studied (Chatzimpiros, 2011) and this must be taken into account. 

Historical variations of excretion rates of the major livestock categories were established by 

Le Noë et al. (2018, SM1 & SM2) (Table 5-2). The correction factors found during the period 

for the animal categories reported in Table 5-2 were also used for their corresponding sub-

categories. For poultry and rabbit, no change was considered over time.  

Table 5-2. Empirical relationship for calculating excretion rates (y, in kgN head
-1

 yr
-1

) of cattle, sheep, pig and 

horses as a function of time (t, in year) over the period 1850-2014, and corresponding values of the parameters b, 

a, a’, tmax and dt, calibrated against historical and current animal excretion data (from Le Noë et al., 2018).  

General formula : y = b + a (t – 1850) + a’ exp [- (t – tmax)² / dt² ] 

  
b a a’ tmax dt 

kgN head
-1

 yr
-1

 kgN head
-1

 yr
-1

 yr yr yr 

Cattle 45 0.05 65 2010 40 

Sheep 4 0.02 9 2020 45 

Pig 56 0.034 - - - 

Horse 480 0.3 - - - 

 

Reconstruction of CO2 emissions 

Current CO2 emissions by direct or indirect fossil fuel combustion by the agricultural sector 

were calculated using the official French CLIMAGRI approach (Doublet, 2011), based on 

CO2 emission factors calculated for mechanised field work and livestock activities, as well as 

for synthetic fertiliser manufacture. The coefficients used are gathered in Table 5-3. 
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Table 5-3. Coefficient applied for the calculations of CO2 emissions according to major emitter sectors. N 

fertilisers and P fertilisers concern the production of fertilisers actually used, feed to livestock is the imported 

feed, machinery corresponds to the manufacture of agricultural equipment, energy for cropland, grassland and 

livestock, the fuel or electricity necessary for fieldwork and for livestock breeding (from Doublet et al., 2011). 

UAA: utilised agricultural area; LU: livestock unit. 

Major sectors emitting CO2 Units   Coefficients 

        

Fertilisers N  tonC-CO2/tonN 1.12 

Fertilisers P  tonC-CO2/tonP 0.46 

Feed to livestock  tonC-CO2/tonN imported 1.339 

Machinery  tonC-CO2/ha/yr 0.026 

Energy for cropland tonC-CO2/ha UAA/yr 0.077 

Energy for grassland tonC-CO2/ha UAA/yr 0.055 

Energy for livestock tonC-CO2/LU/yr 0.056 

 

The coefficients related to mechanisation (fossil fuel combustion for machinery, field work in 

cropland and grasslands, and livestock management and feed to livestock) were applied pro-

rata to the usable agricultural area or the total livestock units for each region, and extrapolated 

to the past taking into account the degree of mechanisation of each region. The proxy for 

establishing this degree of mechanisation was based on the observed evolution of the numbers 

of horses between 1906 (zero mechanisation) and 1980 (100% mechanisation) (Table 5-3 and 

Fig. 5-2). 

 

Fig. 5-2. Evolution of the coefficient of mechanisation from 1906 (zero mechanisation) to 1980 (100% 

mechanisation) as calculated from changes in the number of horses for each of the 33 regions. The coefficient is 

given here for France and three contrasted regions. Agriculture modernisation appeared earlier in Ile-de-France. 
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5.2.4. Exploring scenarios  

The two contrasting scenarios recently developed by Billen et al. (2018) are explored herein 

in terms of GHG emissions for their divergent assumptions: one continuing the trends of 

Opening to distant markets and Specialisation into either cropping systems based on 

synthesised external inputs or intensive livestock farming (O/S), the other with an agricultural 

system shifting to Autonomy through organic farming, crop and livestock Reconnection and a 

Demitarian diet (A/R/D). The O/S scenario reflects a main stream vision mainly driven by the 

desire for economic growth, very present in the official discourse, which is accompanied by 

the strengthening of territorial specialisation in a globalised economy, the continuation of 

agricultural intensification and the concentration of the population in large cities. On the 

contrary, the A/R/D scenario assumes a radical rupture towards agro-ecology (Billen et al., 

2018a) and organic farming, searching for the autonomy of farmers with respect to 

agricultural inputs such as N fertilisers and animal feed, and reduction of the share of animal 

protein in the human diet as recommended by, for example, WHO for health reasons and 

Springmann et al. (2018) for environmental reasons, all trends already detectable although far 

from being fully underway. We here assumed reducing the animal proteins in human diets by 

half following the so-called demitarian diet (see the Barsac declaration, in 2009; 

https://en.wikipedia.org/wiki/Demitarian). Both scenarios were tested for the 2040 horizon 

and we therefore considered an increase of 1.5°C for both scenarios in addition to the 1.5°C 

already observed since the end of the 19
th

 century. We kept the rainfall as it is at present 

because no general trend has been observed, in spite of yearly oscillations over the studied 

period. These projections are well in the ranges of those reported in Jouzel et al. (2014) for 

France for 2050, with four different models. Changes in rainfall might be more visible at the 

seasonal scale, not investigated here, with wetter winters and drier summers, and increased 

occurrence of extreme weather events in all seasons. Regarding fertilisation, both the O/S and 

A/R/D scenarios follow current environmental regulations, external synthetic fertilisers will 

be used according to a yield objective for the former, while the latter banish the use of mineral 

fertilisers (and pesticides) replaced by biological nitrogen fixation and possibly by on-farm 

and recirculated external organic inputs. In both scenarios, the livestock species structure was 

kept identical to the current one (2004–2014) for the regions that already had livestock.  

https://en.wikipedia.org/wiki/Demitarian
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5.2.1. Uncertainty analysis 

The GHG emission values calculated as described above result from complex calculations 

based on  basic statistical data (fertilisation rates, livestock number, etc.) and a number of 

parameters (coefficient of statistical relationships, emission factors, etc.), both subject to a 

certain level of uncertainty.  In order to assess how these uncertainties propagates to the final 

emission estimates, a bootstrap procedure was carried out, as developed by Le Noë et al. 

(2018), under Microsoft Excel and associated VBA macros.  Shortly, after having stated the 

confidence interval of all primary data and parameters (typically 10-20% uncertainty was 

assumed), thousand independent estimations of the GHG emissions were computed with a 

random draw of each of these data and parameters according to a Monte Carlo sampling 

within a Gaussian distribution inside the confidence interval. The uncertainty on the final 

GHG emissions was calculated as the standard error of the mean of these thousand replicates. 

5.3. Results  

5.3.1. Long-term trends of the control variables of GHG emissions  

Temperature. A 1.5°C increase of mean annual temperature was observed between the mid-

19
th

 century and the last decade for all of France, mainly from 1980 when the average 

temperature exceeded 10°C (Fig. 5-3). The same trend was observed for the three selected 

regions, the Great South-West being closer to the overall average and the Great West showing 

the largest difference (+0.3°C) (Fig. 5-3). The coldest and warmest regions are, respectively, 

Alpes (7°C) and Grand Marseille (13°C) in the South-East of France. Regionally, whereas the 

temperature increase was >1.7°C in the East, South and South-West of France, with, 

respectively, a continental and Mediterranean climate, other mountainous regions (Jura, 

Savoie, Pyrénées) and oceanic temperate (Bretagne), showed an increase of 1.1°C.         

Rainfall. Average rainfall over the period studied (1852–2014) was 805 mm yr
-1

 for the whole 

of France, more or less 100 mm yr
-1

 for the Great South-West (935 mm yr
-1

) and Seine basin 

(703 mm yr
-1

), respectively, whereas rainfall in the Great West averaged 746 mm yr
-1

 (Fig. 

5-3). The wettest regions (>1000 mm yr
-1

) were Savoie, Pyrénées Occidentales and Landes 

and the driest was Ile-de-France (~600 mm yr
-1

). No clear trend was observed over the long 

term, but wet and dry years alternated (Fig. 5-3).  
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Fig. 5-3. Long-term evolution (1850–2014) for France and the three supra-regions selected in the annual average of a. temperature; b. rainfall. Long-term evolution of major 

indicators of agriculture in France and the three supra-regions selected for the 22 dates analysed; c. total exogenous N inputs; d. livestock size in terms of livestock units (LU). 

Left axis is for the three regions of interest and right axis is for the entire France. 

 

a.

b.

c.

d.
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Exogenous fertiliser. This accounts for total N inputs (synthetic, manure and deposition), 

excluding biological nitrogen fixation. From the 1850s until 1965, fertilisation increased from 

20 to 60 kgN ha
-1

 yr
-1

, and more in the early 1970s when half of the regions received 100 kgN 

ha
-1

 yr
-1

. The inputs plateaued from the late 1980s at about 135 kgN ha
-1

 yr
-1

 at the national 

scale. The Northern part of France firstly increased its fertilisation, especially for the fertile 

soil of Ile-de-France and Nord-Pas-de-Calais, with values exceeding 150 kgN ha
-1

 yr
-1

 in the 

1980s (Fig. 5-3). There were few regions where fertilisation remained below 100 kgN ha
-1

 yr
-1 

until now (Savoie, Alpes, Côte d’Azur in South-East France, and Garonne, Pyrénées 

Orientales in the South-West), mostly mountainous areas. In these regions, mineral 

fertilisation was less than half the total exogenous N inputs. Before 1965, fertilisation was 

essentially based on manure.   

The same trend was found for the three selected regions, the Seine Basin and Great West 

fertiliser trajectory being above the average, and the Great South-West below (Fig. 5-3).     
 
  

Livestock. Livestock density, expressed in livestock units (LU, i.e. equivalent to an animal 

excreting 85 kg N yr
-1

) per ha of agricultural surface, increased slowly in all French regions 

until the mid-20
th

 century. The increase was more pronounced in the 1950–1980 period, 

except in those regions specialising in stockless crop farming, such as the Seine Basin (Fig. 

5-3Fig. 5-4). The Great West, specialising in intensive livestock farming, dependent on feed 

import, showed the highest increase in livestock density (Le Noë et al., 2018). Differences 

among regions stabilised after the 1990s (Fig. 5-4).     
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5.3.2. Agricultural features   

We chose three dates (1906 as a reference for traditional agriculture in France, 1970 

characterising the beginning of modernisation and 2014 for evidencing the results of 

specialisation). These agricultural features are mapped for all 33 regions.    

Cereal crop production and livestock density. The specificity of the French regions was 

already in place in the early 20
th

 century with the northern half of France producing 10–25 

kgN ha
-1

 yr
-1

 embedded in the harvested grain, similar to two other regions in the South 

(West: Garonne; East: Grand Marseille). Ile-de-France already distinguished itself as the most 

productive (Fig. 5-4a). At this time in 1906, the regions with the highest livestock density 

were generally associated with those with high cereal production, showing the importance of 

the crop–livestock connection at that time. Specialisation had already appeared in 1970, with 

an intensification of cereal production in the Seine Basin and a rise in livestock breeding most 

particularly in Bretagne and Loire Amont. In 2014, the decoupling between crop production 

and livestock is striking: one map is almost the opposite of the other (Fig. 5-4b).     

Percentage of permanent grassland and forest. Except in the Seine Basin, grassland was 

present over the entire country in 1906, occupying up to 60–80% of the total agricultural area 

in the South-Eastern quadrant of France (Fig. 5-4c), and in some other regions with (Manche) 

or without (Pyrénées) high livestock density. In the 1970s, this trend was accentuated, 

whereas in 2014 grassland was regressing everywhere. The overall forest area increased in 

proportion throughout the 20
th

 century but more in the South-East of France and the South-

Western border of the Massif Central (Fig. 5-4d).  
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Fig. 5-4. Maps of regional distributions in France for three dates (1906, 1970, 2014) representative of major time 

periods: a. cereal production; b. livestock density; c. percentage of permanent grassland in total agricultural area; 

d. percentage of forest in rural area (i.e. cropland + grassland + forest). UAA, utilised agriculture area.  

A: Alpes; Al: Alsace; AL: Aveyron-Lozère; AR: Ain-Rhône; B: Bourgogne; Br: Bretagne; C-A-Y: Champagne-

Ardennes-Yonne; CC: Cantal-Corrèze; CdA: Côte d’Azur; CO: Calvados-Orne; DL: Dordogne-Lot; E: Eure; 

E&L: Eure-et-Loire; Gar: Garonne; Gd J: Grand Jura; Gd M: Grand Marseille; Gde L: Grande Lorraine; G-H: 

Gard-Hérault; Gir: Gironde; I-D-A: Isère-Drôme-Ardèche; IdF: Ile de France; L Am: Loire Amont; L Av: Loire 

Aval; Lan: Landes; LC: Loire Centrale; M: Manche; N-PdC: Nord Pas-de-Calais; Pic: Picardie; Pocc: Pyrénées 

Occidentales; POr: Pyrénées Orientales; S: Savoie; VC: Vendée-Charentes.  

 

a.

b.

c.

d.
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5.3.3. Distribution of GHG emissions over the long term    

N2O. By construction, N2O emissions by cropland, grassland and forested areas (the sum of 

their surface areas forms the rural area, in km²) reflect the long-term spatial and temporal 

variations in temperature, rainfall and fertilisation of agricultural land. The highest value (75–

125 kg N-N2O km
-2

 yr
-1

) found for Ile-de-France in 1906 was typically related to its early use 

of mineral fertilisers (Fig. 5-5a), whereas the values for Côte d’Azur would be more a 

combination of fertilisation and temperature/rainfall. The same can be said for the North of 

France region on the one hand and the South and Center of France regions on the other hand, 

for the 50- to 75-kg N-N2O km
-2

 yr
-1

 category. For a majority of regions, N2O emissions 

showed a great increase in the 1970s, recently reaching or exceeding 250 kg N-N2O km
-2

 yr
-1

 

in 2014,
 
i.e. doubling over the 20

th
 century.         

CH4.  The distribution of C-CH4 emissions in time and space, even more than the livestock 

density map, clearly reflects the patterns of intensification and specialisation that persisted for 

the whole period studied (Fig. 5-5b). In brief, a large ring of high emissions was emerging in 

1906 around the Seine Basin and was accentuated in 1970 and even more in 2014, when 

livestock density was reduced giving way to intensive cropping. From emission values 

generally lower than 2000 kgC-CH4 km
-2

 yr
-1

 in 1906, they increased to above 6000 kgC-CH4 

km
-2

 yr
-1

 in the regions specialising in intensive livestock farming.  

CO2. The highest emissions of CO2 in 1906 are directly linked to the small amount of fossil 

fuels used for mineral fertilisers because no mechanisation and no feed import were 

considered (Fig. 5-5c). The 1970 map resulted from the post Second World War (WWII) 

increase of all items taken into account in the calculation (fertiliser production, fossil fuels 

used for field work, machinery and feed import) the proportion of which was modulated from 

one region to another according to their rate of modernisation and specialisation. For example, 

in 1970 feed import concerned essentially Bretagne, Nord-Pas-de-Calais and Loire Centrale, 

also affected by high fertilisation and mechanisation. In 2014 the highest emissions in 

Bretagne typically related to increasing feed imports from South America (Billen et al., 2011; 

Le Noë et al., 2016).   
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Fig. 5-5. Maps of regional distributions in France for three dates (1906, 1970, 2014) representative of major time 

periods of GHG emissions per km
2
 of rural areas and per year: a. N2O; b. CH4; c. CO2. See legend of Figure 4 

for the names of the regions.  

5.3.4. Estimating GHGs under contrasted scenarios    

For the O/S scenarios all GHG emissions would increase considerably (Fig. 5-6). The 

approximately 20% increase of N2O emissions for the entire French territory would not be 

related to nitrogen synthetic fertilisers, which are not increasing significantly owing to 

environmental regulations, but rather to manure application in livestock farming regions 

(Billen et al., 2018a). The Seine Basin, as well as other regions such as Alsace and Landes, 

emptied of their livestock under extreme specialisation into stockless crop farming, would 

emit only very low CH4 while the rest of France would show as high emissions as the most 

current emitting regions (> 6000 kgC-CH4 km
-2

 yr
-1

 (Fig. 5-6) because they have reached the 

maximum authorised livestock density (European Nitrate Directive (91/676/CEE), i.e. 2 LU 

ha
-1

 of agricultural area). CO2 emissions would concomitantly increase mostly in breeding 

a.

b.

c.
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areas, due to feed imports, necessary after a loss in grassland and increased livestock density, 

in addition to C-CO2 from fuel consumption and fertiliser production.  

 

Fig. 5-6. Maps of regional distributions in France for present (2014) and for two prospective scenarios (O/S: 

opening and specialisation and A/R/D) of GHG emissions per km
2
 and per year: a. N2O; b. CH4; c. CO2. See 

legend of Figure 4 for the names of the regions.  

Under the A/R/D scenario, the reduction of GHG emissions would allow a “return” to the 

emissions before the heavy industrialisation of the 1970s and even 1955 (see Fig. 5-7) 

depending on the regions. The A/R/D scenario showed that (i) autonomy with respect to 

synthetic mineral fertilisers would significantly reduce N2O emissions, (ii) the decrease in 

animal loading to meet local feed autonomy would lower CH4 emissions and (iii) CO2 

emissions would be also considerably lowered due to lack of both synthetic fertiliser use and 

feed imports (Fig. 5-6). This would allow France to achieve GHG emission targets committed 

to within the COP-21.  

a.

b.

c.
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The results of these two scenarios for the three GHGs were put into perspective with their 

respective historical trajectory for the whole nation and for the three regions selected to 

distinguish the origin of emissions. We thus corroborate our choice of the three dates 

illustrating three periods: 1906 for its traditional agriculture (until 1955), the 1970s for this 

period’s transitional status, and 2014, typical of intensive production and specialisation since 

the 1980s.  

Whatever the date, croplands were the major N2O emitters compared to forests and 

grasslands, especially in the Seine Basin and the Great West (Fig. 5-7), whereas the O/S 

scenario would not significantly change the pattern and the level of N2O emissions for these 

two emblematic specialised regions. The Great South-West, assumed to develop high 

livestock density, hence imported feed, while optimising its crop production in this scenario, 

would not only increase N2O but all three GHG emissions. Concerning CH4, enteric 

fermentation dominated CH4 emission, which overall accounted for 70% of the total, and 

manure (30%) increased in proportion in the O/S scenario for the Great West, traditionally 

livestock oriented, but also in the Great South-West, as shown by the fourfold increased CH4 

emissions. For CO2, concomitantly and consequently, imported feed was the dominant emitter 

sector in the Great West, which would remain so in the O/S scenario, differently from the 

Great South-West which, as for cropping, revealed its potential for more livestock, and 

imported feed, with more CO2 emissions (Fig. 5-7). 
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Fig. 5-7. Long-term evolution (1852–2014) for France (a.) and the three selected supra-regions (b., c., d.) in annual average of N2O, CH4 and CO2 from top to bottom. N2O is 

represented for the three major land uses (forest, grassland and cropland), CH4 for manure and enteric emissions, and CO2 as energy for imported feed, fertiliser production 

and other energy, including field work, machinery and livestock breeding. Error bars provide uncertainties as calculated by the Monte Carlo analysis. 
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5.3.5. Comparative agricultural GHG emissions in CO2 equivalent  

The GHG emission can be calculated in a single unit (CO2 equivalent, CO2 Eq) by 

multiplying the global warming potential (GWP) of the different sources with their respective 

emissions. CO2 taken as a reference has a GWP of 1, whereas N2O and CH4 GWPs are, 

respectively, 265 and 28 times the CO2 GWP using the 100-year GWP (IPCC, 2014). Total 

agricultural emissions for France amounted to 113,939 ktons CO2 Eq yr
-1

 for the 2010s, with 

49% CH4, 29% N2O and 22% CO2 (Fig. 5-8a; Table 5-4). Regarding the three selected regions, 

similar in area, the Great West emissions were twice those of the other two, with the highest 

proportion in CH4 (59%). N2O emission dominated in the intensively cropped Seine Basin 

(37%) and CH4 in the Great South-East (48%). Whereas the O/S scenario would increase 

overall GHG emissions almost 1.5 times for France, the increase would be about 1.2 for the 

Seine Basin and the Great West, but emissions would explode for the Great South-West with 

a 2.5-fold increase. With no mineral fertilisation and extensive livestock breeding, the A/R/D 

scenario would lower emissions by 50% for France, 36% and 76% for the Seine Basin and the 

Great West, respectively, but emissions for the Great South-West would only decrease by 

11% (Fig. 5-8 b–d; Table 5-4). Note that, taking into account a 20-year GWP, i.e., 265 for N2O 

and 84 for CH4 (IPCC, 2014), would double the total emissions at the scale of France, CH4 

then representing about 75% of the total for the 2010-2014 period, and up to 80% for both 

scenarios. 

When expressed per km² of surface area, agricultural GHG emissions ranged from 148 to 408 

tCO2 eq km
-2

 yr
-1 

for the Great South West and Great West regions respectively, the GHG for 

the Seine Basin being close to the national value (Table 5-4). For comparison, agricultural 

GHG emissions were 3.4, 2.4, 1.3 times higher than the French ones for the Netherlands, 

Belgium and Germany, but 2.0, 1.8, 1.7, 1.6 times lower for Spain, Romania, Austria and 

Slovenia, respectively (EAA, 2018).    
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Fig. 5-8. Long-term evolution (1852–2014) for France (a.) and the three selected supra-regions (b., c., d.) in 

annual average of N2O, CH4 and CO2, expressed in CO2 equivalents per year. Error bars provide uncertainties as 

calculated by the Monte Carlo analysis. 
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Table 5-4. Total GHG emissions from agriculture in France and in the three supra-regions considered, given in 

CO2 equivalent. Specific GHG emissions (tCO2 km
-2

 yr
-1

) are provided for comparison. Relative contributions of 

N2O, CH4 and CO2 are also shown.  

CO2 Eq   2000-2014  O/S scn A/R/D scn 

France % N2O 28 23 25 

540498 km² % CH4 49 57 58 

  % CO2 22 20 17 

  ktCO2 yr
-1

 113939 165010 56678 

  tCO2 km
-2

 yr
-1

 211 305 105 

Seine Basin % N2O 37 42 20 

69713 km² % CH4 32 21 62 

  % CO2 31 37 18 

  ktCO2 yr
-1

 12909 10872 8246 

  tCO2 km
-2

 yr
-1

 185 156 118 

Great West  % N2O 20 15 23 

59109 km² % CH4 59 65 57 

  % CO2 21 20 19 

  ktCO2 yr
-1

 24123 29471 6397 

  tCO2 km
-2

 yr
-1

 408 499 108 

Great South-West  % N2O 29 23 25 

65437 km² % CH4 48 60 59 

  % CO2 23 17 17 

  ktCO2 yr
-1

 9662 23937 8582 

  tCO2 km
-2

 yr
-1

 148 366 131 

 

5.4. Discussion  

Greenhouse gas emission estimates are known to be highly uncertain, due to the complexity 

of their controlling factors at the local scale and the difficulty of measuring them on-site as 

well as due to the lack of uniform information on how highly diverse farming practices may 

impact net GHG balances. Consequently, the scientific community is encountering problems 

formalising mechanistic models to estimate GHG emissions (e.g. NOE, DNDC, Gu et al., 

2014; Gilhespy et al., 2014; Zimmermann et al., 2018), for upscaling local emissions 

measurements to larger scales, from local areas to countries. Since the level of detail needed 

for a wide regional and long-term estimation could make the modelling unfeasible, the 

approach used here is more a budgeting one, based on activity data from agricultural census 
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and emission factors determined on a rather detailed analysis of the controlling factors of N2O 

and CH4. For these two GHGs, our calculations allow linking plot-scale measurements or 

animal physiology to the regional and country scale. CO2 emission estimates are still rough, 

although explicitly taking into account several contributions, mostly upstream of the 

production system, but in line with the Climagri approach for France (Doublet, 2011) and 

other studies (e.g. Canada, Dyer and Desjardins, 2009, and Spain, Aguilera et al., 2015).     

5.4.1. Controlling factors of GHG emissions   

To explore strategies to reduce GHGs from agriculture, identifying, quantifying and 

understanding the factors which control their producing processes, from biotic to abiotic, from 

microbial to industrial, are challenging.  

N2O. In temperate systems, denitrification is considered the major microbial process at the 

origin of N2O emissions in soils, mostly under temperate and highly humid conditions(Benoit 

et al., 2015; Vilain et al., 2014; Gu et al., 2014). In contrast, nitrification plays an important 

role in Mediterranean and semi-arid regions (e.g., Sanz-Cobena et al., 2012; Aguilera et al., 

2013). The factors affecting denitrification in soils have been largely reported in the literature 

(see Tiedje, 1988; Groffman, 1991; De Klein et al., 2001, for example). Following Saggar et 

al. (2013), who distinguished two types of controlling factors, namely (i) soils and plant 

factors (crops, soil mineral nitrogen, pH, water content and oxygen, carbon availability, C:N 

ratios) and (ii) environmental factors (temperature, rainfall, drying/wetting vs 

freezing/thawing), the variables we considered for our prediction relationships (N input, land 

use and climatic conditions [temperature and rainfall]) covered these two types of factors. 

Generally considered to be the major controlling factors of N2O production in soils, under 

both nitrifying and denitrifying conditions (e.g. Snyder et al., 2009; Schmitz et al., 2012; 

Kirschbaum et al., 2012; Sanz-Cobena et al., 2017), these variables are the best documented 

in the literature for achieving such a long-term study.  

Our approach is a step further in the use of the Tier 1 emission factor (IPCC 2006- Eggleston, 

2006), which has been found too coarse for correctly representing N2O emissions possibly 

underestimated in wet areas (Lu et al., 2006 and reference herein) but overestimated in 

Mediterranean regions (Aguilera et al., 2013;  Cayuela et al., 2017). The approach we 

developed here is advantageous for its low requirement in complex agronomic data, given that 
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temperature and rainfall are routinely surveyed everywhere and fertilisation commonly quoted 

in agricultural statistics.  

However, taking into account the annual scale of our study, pulses of N2O emissions cannot 

be represented as observed after fertiliser applications (Bouwman, 1996; Hénault et al., 1998; 

Laville et al., 2011; Plaza-Bonilla et al., 2014; Benoit et al., 2015; Recio et al., 2018), rainy 

events (Zheng et al., 2000; Lu et al., 2006; Beare et al., 2009) and during freeze and thaw 

periods and rewetting in semi-arid regions (Vilain et al., 2010 ; Lu et al., 2015 ; Wertz et al., 

2016; Sanchez-Martín et al., 2010). However, the N2O emissions data gathered here were 

selected for their annual representativeness, thus already integrating seasonal variability. 

Spatial and long-term variations can be expected through the heterogeneous distribution in 

both rainfall and temperature in the country (cf. Fig.5-1a) and fertiliser applications 

depending on soil characteristics, which condition the technical orientations of the farms (cf. 

Fig.5-1b). N2O emissions related to manure management were not taken into account in the 

calculations), because they account for only a few percent of GHGs emitted from livestock, 

i.e., 2.94% in CO2 Eq according to the review by Zervas and Tsiplakou (2012).       

CH4. Methanogenesis is a microbial process producing CH4 mainly under anaerobic 

conditions. Enteric fermentation by grazing animals is the major process producing CH4, 

although losses from manure management is far from negligible, far above the net CH4 flux in 

the soil. Although agricultural soils can be a sink for this GHG, as a result of the balance 

between methanogenesis and methanotrophy (microbial CH4 consumption) (Dutaur and 

Verchot, 2007; Kirschbaum et al., 2012), this function of oxidation by soils has been reduced 

with the intensive use of fertilisers. Ammonium inputs, increasing nitrifying activity, would 

exclude methanotrophs from their ecological niche, which even when fertilisation ceases 

would not quickly recover (Lemke et al., 2007; Ball et al., 2002; Boeckx and Van Cleemput, 

2001; Schnell and King, 1994). In addition, soil cultivation and change in soil structure would 

restrict diffusion sites, thus affecting CH4 oxidation (Dobbie and Smith, 1996). Experimental 

measurements in the Seine Basin showed that CH4 removal could account for 5.6% of the 

emissions by livestock (Garnier et al., 2013b). The CH4 depletion rate was the highest for 

grassland soils (1.27 mg C m
-2

 d
-1

) followed by forest (0.7 mg C m
-2

 d
-1

) and cropland (0.4 mg 

C m
-2

 d
-1

). Interestingly, the riparian zones, which were alternatively a source or a sink, 

overall emitted 0.1 mg C m
-2

 d
-1

 methane.  
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Considering the low proportion of CH4 removal by soils compared to the emissions from 

livestock, even when it was half as much on average than currently for the long 1850–1950 

period, we can consider that neglecting soil sink would not lead to overestimation of CH4 

emission in the past. Further CH4 sink would account for about 2% of N2O emissions from 

soils in CO2 equivalents (Boeckx and Van Cleemput, 2001). 

Enteric fermentation was estimated here to be responsible for 70% of CH4 emissions in 

France, 30% originating from manure management, with a similar proportion over the time 

period studied, resulting in a proportion of enteric fermentation lower than the figure provided 

globally as being responsible for 83% of CH4 emissions (Zervas and Tsiplakou, 2012). As 

reported by these authors, ruminant CH4 production may depend on many factors including 

diet (fibrous content of the ration), enteric flora, while more generally CH4 production is 

influenced by farm management and the farm production system.  

In this study, we did not intend to finely characterise CH4 production from livestock as 

reported in the study mentioned above (and references therein) but rather used the IPCC Tier 

3 guidelines (IPCC 1997 - Houghton et al., 1997), according to specific emissions (enteric and 

manure) for 19 categories of livestock and related to animal body weight over the period 

studied (see Methods section).  

CO2. An increasing greenhouse effect is currently dominated by the increase in CO2 

concentration derived from fossil-fuel consumption, clearly the compound responsible for the 

enhanced greenhouse effect (Forster et al., 2007). At the scale of the Seine Basin, CO2 

emissions account for 79% of the total emissions (agricultural and non-agricultural), 72% of 

which come from non-agricultural sectors (Marescaux et al., 2018b). Similar figures were 

provided by CITEPA for France (i.e. 78% and 75%, respectively, in 2014 

(https://www.citepa.org/fr/activites/inventaires-des-emissions/secten). Regarding the three 

GHGs, the CITEPA figures showed an approximately 20% underestimation for the 

agricultural sector (90,000 ktons CO2 eq.yr
-1

 versus 114,000 ktons CO2 eq.yr
-1

 here), due to an 

underestimation of CO2, fertiliser production, and machinery manufacture, for example, 

accounted for in the industrial sector rather than the agricultural sector.    

The coefficients from Doublet (2011) (Table 5-3) are quite comparable with other approaches 

(Bochu, 2006; Aguilera et al., 2015). For all of France, we showed that a large amount of CO2 

emissions (35%) is linked to the energy supply for production of commercial chemicals. CO2 

https://www.citepa.org/fr/activites/inventaires-des-emissions/secten
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emissions from feed to livestock accounted for 10% for France, but 20% for the specialised 

Great West. These emissions are generally ignored in most studies, including national 

inventories. “Other energy” (i.e. fuel for farm fieldwork, electricity for on-farm operations 

and energy for machinery appeared to be the largest emitter sector (55%). Farm machinery 

manufacturing energy, a significant part of total CO2 emissions (13% in 2014 with spatial 

differences) from agriculture has been roughly taken into account in this paper, but could be 

included in future research with greater detail (taking into account for example the number of 

tractors and their power, etc.). This percentage is lower than the farm machinery percentage 

reported for US corn farms for all Canada, accounting for 15% of the direct CO2 emissions in 

the US (Patzek, 2003) and 19% in Canada (Dyer and Desjardins, 2009).  

5.4.2. Past long-term changes in GHG emissions: practice and land use 

changes  

Agriculture in France until the late 19
th

 and early 20
th

 centuries was characterised by a 

traditional family-based agriculture, with low external requirements (mechanisation, electrical 

power, etc.). Whereas the number of farms was around 5.5 million during the second-half of 

the 19
th

 century, this number decreased to 2.3 million in 1955, with an increase in the size of 

farms, although small ones still dominated. During this period, only slow changes occurred in 

terms of the indicators selected, however (see Fig. 5-3, exogenous fertilisers and livestock 

including horses). Accordingly, N2O and CO2 emissions remained rather stable while CH4 

increased slowly, due to a slow but general increase of livestock density within integrated 

crop–livestock farming systems.  

A second period can be identified after WWII when indirect energy inputs in agriculture 

started with the war materials industry and chemicals were reoriented to agricultural goods 

(e.g., fertiliser production through the Haber-Bosch process) and intensification of tractor 

manufacturing (and other agricultural machinery) . This initiated 3 decades of continuous 

growth with cheap fossil energy and expanding global food markets (Dyer and Desjardins, 

2009). French farms decreased in number by a factor of five by 1980 (i.e. 1 million), 

intensified their production, with a strong dependence on mechanisation, industrial fertilisers, 

pesticides and imported feed. GHGs reached their maximum in the early 1990s, when the Rio 

conference (1992) alerted the world to the strong deterioration of the environment, including 

GHG emissions.  
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Despite continuing intensification and specialisation, the third period, from the mid-1990s to 

the present, showed a stabilisation in GHG emissions and even a tendency to decrease (N2O 

especially, see Fig. 5-7Fig. 5-8). Even before the Rio conference (1992), the use of mineral 

fertilisers – a major driver for N2O emissions – was reduced in France (see Lassaletta et al., 

2014), since the nitrate directive (91/676/CEE) was promulgated for water resource 

protection. At this time, the data show that ruminants were reduced by 10%, slightly more in 

the specialised Great West in livestock breeding (17%). During this period, the number of 

farms still decreased (664 000 in 2000, 452 000 in 2013), with small farms the most affected 

(Agreste, 2013). Between 1993 and 2014, we calculated a net loss of 1.2 million ha (1.53 

million ha lost as permanent grassland and 0.33 million ha gained in cropland, with forested 

areas stable during this time).  

Land use changes are reported to have modified the flux of CO2, CH4 and N2O through 

altered biogeochemical processes (Forster et al., 2007; Houghton et al., 2012; Kirschbaum et 

al., 2012; Tate, 2015). For example, according to Kim and Kirschbaum, (2015), conversion 

from natural forest to cropland or grassland would increase net emissions by 7.3±0.6 or 

5.9±0.3 t CO2 eq ha
-1

 y
-1

, respectively, while conversion of cropland or grassland to secondary 

forest would decrease emissions by 5.3±0.9 or 3.6±0.7 t CO2 eq ha
-1

 y
-1

, i.e. figures on the 

same order of magnitude, although the delay in losses/recoveries might not be similar.    

Between 1929 and 2014, 3.3 and 1.8 million ha of permanent grassland and cropland, 

respectively, have changed use whereas 7.7 million ha were gained as forested area, 

representing a total loss of 2.6 million ha of these total rural areas. We considered 1929 as the 

first date of French border stability after the Alsace and Lorraine regions were reattributed to 

France in 1918. Most of these land use changes were implicitly taken into account in our 

calculations. However, the possible loss of sink function by soils for CH4 under increased 

fertilisation was not accounted for (Boeckx and Van Cleemput, 2001). We also did not 

consider wetlands as possible CH4 emitters, which were lost after their conversion to 

agricultural and other land uses (Zedler and Kercher, 2005; Verhoeven and Sorrell, 2010).  
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5.4.3. Contrasted scenarios for a possible future 

The scenarios (Billen et al., 2018a) explored here for GHG emissions were inspired from 

prospective documents elaborated at different regional, national and European levels (Poux et 

al., 2005; Solagro, 2014; Poux and Aubert, 2018) and also took into account other published 

results for the global scale (Schmitz et al., 2012; Erb et al., 2016; Muller et al., 2017). 

The pursuit of intensification and specialisation in the O/S scenario, despite taking into 

account the current regulations, would, at a national scale, increase GHG emissions as a 

whole, but also each of the three GHGs considered separately. Some regional differences 

would appear however. Whereas increased N2O emissions would be generalised over the 33 

regions, CO2 and especially CH4 would be lower in the regions dedicated to cereal 

production, with no livestock as predicted for the Seine Basin. In most other regions, livestock 

would increase CH4 and its associated feed production would impact CO2, in accordance with 

the approach. This scenario, although credible taking into account the current trends of 

opening the agro-food system (Le Noë et al., 2016), would not be desirable for the 

environment, and specifically here for GHG warming, as stated by the last, recently published 

in the IPCC report (2018). This economic desire for growth, which is highly dependent on the 

international market, facilitating trade exchanges, is fully present in political discourse. This 

vision of the future of French agriculture devoted to cereal exportation driven by powerful 

food sectors, animal production oriented to milk powder export in industrial breeding farms 

and a human diet with a high ratio of animal proteins is in line with many documents coming 

from professional farmer organisations as well as Harbour Authorities (CRAN, 2006; Dreal, 

2014; Benhalima, 2015; HAROPA, 2015). Furthermore, the emergence of the bio-fuel 

industries (mainly ethanol from sugar beet and biodiesel from rapeseed) is a paradigm that 

agriculture will have to face in future decades, even for energy consumption of the farm itself. 

It is worth mentioning that in this O/S scenario, the livestock structure was kept constant, 

since French livestock is traditionally dominated by cattle, despite a trend, at the global scale, 

to shift animal production from ruminants to non-ruminants, which could possibly reduce CH4 

emissions and CO2 from feed (Westhoek et al., 2014).  

Contrary to this vision of France fully involved in globalisation, the A/R/D scenario (Billen et 

al., 2018a) amplifies the weak signals observed in recent years, showing the emergence of a 

new relationship to nature for a sustainable development, from which proactive policies could 

emerge. Due to several food crises (e.g. the mad cow problems in 1996, dioxin contamination 



Chap 5 | Long term changes in greenhouse gas emissions of French agriculture (1852- 2014) 

219 

in 1999, the Escherichia coli outbreak in 2011, among the most publicised events), increasing 

numbers of consumers are demanding healthy food products. At the same time, farmers 

exposed to chemical products are concerned by health issues, victims either themselves or 

family members and neighbours.  

In this context, the A/R/D scenario explores alternative agro-food systems which (i) 

generalise organic farming practices banning exogenous mineral fertilisers and pesticides, (ii) 

favour local supply and (iii) decrease animal protein consumption in the diet, while reducing 

food waste. Although not fully realistic over the short term, this scenario becomes desirable 

for the health of people and the environment. For this scenario total production of plant and 

animal products are reduced, but this reduction is compensated by a reduction in the demand 

associated with dietary changes (see Billen et al., 2018a). The A/R/D scenario, despite 

requiring a deep structural change of the agro-food system, shows a significant reduction of 

GHGs, i.e. 50% for the French agricultural sector compared to the 2010–2014 period, more 

than one-third of the total reduction advocated. Interestingly, this scenario, beneficial in terms 

of GHGs, has also been shown to improve water quality and to prevent the risk of coastal 

eutrophication (Desmit et al., 2018; Garnier et al., 2018). 

5.4.4. Weaknesses and strengths of the approach  

Agricultural statistics have been rather well documented in France since the mid-19th century, 

at the scale of the French “départements” (Poisvert et al., 2017; Le Noë et al., 2018; see also 

Garnier et al., 2014, 2016 for local studies), and hence the entire country (Harchaoui and 

Chatzimpiros, 2018), and provide realistic pictures of the changes occurring in the agricultural 

sectors for indicators such as fertiliser inputs, crop production, livestock units, etc. 

The estimate of GHGs from these data is more ambitious given that no statistics exist for the 

past at this regional resolution. The task was the most difficult for N2O due to variability in 

the emission factors even for the present. Indeed, direct N2O emissions in agricultural fields 

occur essentially with great spatial and temporal variabilities related to many factors (soil 

parameters, crop species, agricultural practices, rainfall and water management, amount and 

type of fertilisation, etc.; Lu et al., 2006; Bouwman et al., 2013; Cayuela et al., 2017). Here, 

taking into account the accompanying N2O data in the literature, and the data available over 

the long term, previous N2O data mining (Garnier et al., 2009) was enlarged for the main land 

uses (forest, grassland and cropland), gathering temperature, rainfall and fertilisation, three 
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major variables that were analysed for the past. Even though soil parameters were often 

documented in the papers examined, they were not included due to the lack of a homogeneous 

description in the studies considered. Because grassland studies, similar to cropland, reported 

fertiliser applications either though external inputs or grazing animals, N2O emissions for 

these two land uses were grouped under the same relationship. The relationship for forests 

was established with fewer data. Overall the evaluation of both relationships in terms of 

NRMSE and bias is quite good.  

Regarding CH4, the uncertainties may be more related to changes in the size of the animals 

over time, modifying the figures documenting CH4 emissions from enteric fermentation and 

manure management for the present. By applying a factor of change on the basis of a 

reconstruction of excretion for the major types of animals, we can consider that CH4 

emissions from livestock farming must be robust for the past. CH4 emissions and oxidation 

from soils were not taken into account given that soils are known to be low emitters (Garnier 

et al., 2013; Kandel et al., 2018), which must be true for the period studied, because 

ecosystems such as wetlands, ponds, etc. had already been considerably reduced in the 

landscape, for health issues and for conversion of these lands into cultivated areas (Zedler and 

Kercher, 2005; Verhoeven and Sorrell, 2010). 

The estimates for CO2 are more indicative, because we only took into account its emissions 

related to field and on-farm work, fertiliser use, CO2 emissions from machinery and CO2 

emissions linked to feed imports, applying coefficients reported in the literature based on a 

full material flow analysis (Doublet, 2011; see also Aguilera et al., 2015). 

However, the approach allows reflecting regional differences and, differently from an overall 

national estimate, provides a variable range of GHGs related to the details of specific 

characteristics and possible transitions for each region.  

For the whole of France, our approach fits rather well with the national agricultural 

inventories (Doublet, 2011) reporting ~114,000 ktons CO2 eq. yr
-1

 (2010–2014) emitted from 

agriculture versus ~103,000 ktons CO2 eq. yr
-1 

(for 2006); the percentages we found for N2O, 

CH4 and CO2 (29%, 49% and 22%, respectively) can be compared with the 39%, 44% and 

17%, respectively, found in Doublet (2011). Interestingly, carbon sequestration by 

agricultural soils, amounting to 6,200 ktons CO2 eq. yr
-1

 for France (Le Noë et al., 2018), 

accounts for only ~5% of our GHG emissions.    
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5.5. Conclusions  

An analysis of the controlling factors of GHG emissions (land use, rainfall, temperature) 

together with the GRAFS approach gathering key variables of the agro-food system at any 

temporal and spatial resolution (fertilisers, livestock, crop production, etc.) made it possible to 

estimate N2O, CH4, CO2 emissions at the scale of France’s 33 agricultural regions.  

The period studied, from 1852 to 2014, showed that the increase of GHGs can be divided into 

three major periods: (i) a long period from 1852 to 1955 with family mixed crop–livestock 

farming systems still in effect, small in size with very little mechanisation, with emissions 

increasing from ~30 000 to 54,000 ktons CO2 Eq yr
-1

; (ii) a second period of modernisation of 

French agriculture after WWII, with an increasing dependence on mechanisation, industrial 

fertilisers, pesticides and imported feed, favoured by fossil energy at a relatively low 

monetary cost and expanding global food markets, a period corresponding the maximum of 

GHG emissions, which reached 110,000 ktons CO2 Eq yr
-1

 in the 1990s and 120,000 CO2 

ktons Eq yr
-1

 in the early 2000s; (iii) and then stabilisation (around 114,000 ktons CO2 Eq yr
-1 

for 2010–2014) related to the abandonment of government policies directly aimed at 

intensification, and their replacement by environmental regulations after the Rio conference 

(1992 - UNCED, 1992) and the following protocols (e.g., Kyoto in 1997-UNFCCC, 1997), 

which prompted the countries of the world to control or decrease their GHG emissions to 

avoid the adverse effects of climate change. Progressive spatial specialisation was observed as 

early as 1906, with regions already characterised by cereal production in the Northern half of 

France, and in the South-West, others by livestock, such as Bretagne in the West, and still 

others with a typically low proportion of grasslands, such as in the Seine Basin. This 

specialisation had an influence on the distribution of emissions in terms of intensity and 

compounds.  

The contrasting scenarios explored showed that a 50% reduction of GHG emissions in the 

agriculture sector could be achieved with a deep change in the structure of the agro-food 

system, whereas the pursuit of the present trends of specialisation and intensification 

associated with international trade, even applying the current environmental regulations, 

could increase the current GHG emissions by a factor of 1.5. 
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In line with our objectives, this PhD research enabled a better understanding of environmental 

factors controlling carbon dioxide (CO2) concentrations in the human-impacted basin of the 

temperate Seine hydrosystem (i.e., breakdown, discharge, and dissolved organic carbon, 

among others). These factors were documented based on field work and supplemented with 

collection and processing of databases in order to incorporate a new inorganic carbon model 

in the Riverstrahler model. This upgraded version of the model takes into account the 

inorganic carbon cycle and its interactions with other biogeochemical cycles and the 

dynamics of aquatic microorganisms.  

These improvements, which make it possible to estimate gaseous CO2 emissions from the 

river drainage network, were then enhanced as part of a coupled river-estuary modeling 

approach, leading to the first organic and inorganic carbon budget along the aquatic 

continuum of the Seine River, based on a joint deterministic modeling of aquatics processes. 

These CO2 emissions were compared to other riverine greenhouse gas (GHG) emissions 

(CH4-methane, and N2O-nitrous oxide) as well as agricultural and urban GHG emissions. The 

fluxes emitted from the basin are included in a recent historical review of agricultural GHG 

emissions since 1850.  
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The Seine River: a supersaturated system  

Despite the fact that the Seine watershed is now well documented and has benefited from the 

30-year Piren-Seine program (a privileged interdisciplinary scientific environment), partial 

pressure of CO2 (pCO2) had never previously been investigated. 

The field campaigns undertaken in winter, spring flood, summer-autumn (2016) and spring 

(2017) in streams draining croplands, forests, grasslands, urban areas, and wetlands showed 

supersaturation of CO2 in water with respect to atmospheric equilibrium. Undersaturation of 

CO2 was observed only in the Marne reservoir where higher residence time promotes particle 

sedimentation that reduces turbidity and enhances primary production along with CO2 

consumption.  

According to our measurements, groundwaters were significantly more concentrated than 

streams or rivers. Analysis of pCO2 controlling factors also showed pCO2 to be significantly 

correlated with dissolved organic carbon (DOC) whereas higher instream concentrations were 

linked to higher organic carbon contents in soils (wetlands and grasslands). These controls of 

pCO2 by hydro-climatic and organic soils factors were clearly illustrated by the flood event 

flushes during the growing season when DOC (spring flood DOC median: 11.44 mgC l
−1

) and 

pCO2 (spring flood median: 3297 ppm) reached their highest values. 

In addition to our own measurements, the processing of data from French national monitoring 

stations of the quality of surface water (Qualit’Eau), groundwater (ADES) or water discharge 

(Banque Hydro) in the basin represented an important effort. These data confirmed that pCO2 

was significantly correlated with hydro-climatic conditions with seasonal concentrations 

increasing from winter to summer-autumn related to increased temperature and reduced water 

discharge. The data also showed that pCO2 in headwater streams in the upstream parts of the 

drainage network and the main stem of the Seine River are equally supersaturated in CO2. 

It was also possible to analyze the pCO2 from a temporal perspective that highlighted recent 

changes in the Seine River basin and the associated anthropogenic pressures. Long term 

changes in pCO2 observed over the 1970–2015 period appear to be controlled by the increase 

in effluent released from wastewater treatment plants (WWTPs). Indeed, the long-term annual 

pCO2 values in the urbanized main stream of the Seine River strictly mirror variations in 

releases of urban organic matter by the largest WWTPs of the Paris conurbation. The pCO2 at 

the outlet of the basin increased between 1970 and 1990 due to the intensification of 
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wastewater collection. Subsequently, in response to the Urban Wastewater Directive 

(1991/271/EC) and the Water Framework Directive (WFD, 2000/60/EC), the increase in the 

number of WWTPs in the Paris agglomeration, and the improvement of processes for treating 

the OM of discharged effluent, reduced pCO2 downstream from the main WWTP of the basin. 

However despite this major reduction in anthropogenic organic carbon inputs, the Seine River 

remains supersaturated in CO2.  

A modeling approach for quantifying the sources and the fate of pCO2 in the 

hydrosystem     

A modeling approach at the scale of an entire drainage network requires summarizing a 

number of different datasets describing both the model inputs, namely: geomorphology, 

discharge, inputs from diffuse and points sources among the major constraints. Besides 

nitrogen –N-, phosphorus –P-, silica –Si-, all these constraints needed to be documented in 

terms of carbon, from inorganic to organic carbon, and from particulate to dissolved carbon. 

Characterization of diffuse inputs led to a spatially explicit assignment of the mean values of 

total alkalinity (TA) and dissolved inorganic carbon (DIC) mean values according to 

homogenous groundwater entities, and land use (for organic carbon only). For point sources, 

WWTP releases were also characterized with TA and DIC based on a single weighted mean 

according to our measurements and the WWTP treatment capacity. Collaboration with Veolia 

Water France, Veolia Research and Innovation and with the “Syndicat interdépartemental 

pour l’assainissement de l’agglomération parisienne” (French acronym - SIAAP), enabled us 

to collect data from various WWTPs. Such data are rarely measured, but were essential for 

this work. The gas transfer velocities implemented were retrieved from the literature and 

adapted to the morphological characteristics of the Seine River.  

In parallel with the construction of the model input databases, the core of the biogeochemical 

model was supplemented with the coding of new formalisms (TA and DIC concentrations 

evolving according to biogeochemical processes of microorganisms; solubility, water density 

and pH calculations; CO2 exchange at the water interface, etc.) and the associated parameters. 

Once both the mathematical formalizations, and the input constraints were completed, the 

simulations performed by the model represented both spatial (kilometric) and temporal (10-

day time steps) variations in carbon (organic and inorganic) in relation with the dynamics of 

nutrients and microorganisms that were also simulated throughout the entire hydrological 

network.  
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For the recent period (2010-2013) and despite the large uncertainties concerning simulated 

CO2 and the variability of observed CO2 concentrations, the spatial dynamics of CO2 was 

simulated in the right range when looking at mean CO2 concentrations by Strahler orders, and 

along the main stem. Along the main steam, the simulated trend was in agreement with 

observations, with peaks downstream from the discharge of effluents from the main WWTPs 

of the basin. Concerning seasonal dynamics, the model has succeeded in correctly capturing 

the variability of DIC and TA concentrations that decrease in summer related to the support of 

low-water by reservoirs. Indeed, reservoirs showed lower concentrations of TA, DIC and 

were undersaturated in CO2. 

This modeling approach with a detailed description of instream processes enabled 

quantification of the aquatic metabolism of the basin. Simulated photosynthesis and 

heterotrophic planktonic respiration increased with Strahler stream orders, as expressed in the 

river concept continuum. Simulated benthic respiration was higher upstream where biomass 

associated with streambeds is fed by the subsurface flows that supply nutrients and oxygen 

and remove metabolic waste than downstream. In addition to the supersaturation of the 

hydrosystem in CO2 described based on field campaigns and long term data analyses, net 

ecosystem production remained negative in the entire basin, highlighting the net heterotrophy 

of the basin for the recent period simulated. 

This new improvement of the pyNuts-Riverstrahler model also makes it possible to calculate 

the inorganic and organic carbon budgets in the Seine River basin. On average over the period 

2010-2013, calculated inputs of DIC reached 17,484 kgC km
-2

 yr
-1

 while in the OC budget, 

they were ten times lower at 1606 kgC km
-2

 yr
-1

. The important contribution of the Seine 

aquifer to the IC flux supplied by groundwater appeared to dominate flows from the 

subsurface (respectively 57% vs. 34% of total IC inputs), while for OC, the groundwater 

contributions were lower than the subsurface ones (14% vs. 54% of total OC fluxes). This is 

due to high OC concentrations in the topsoil and degradation to IC during transfer in deeper 

layers.  The main DIC outputs were DIC exports to the estuary (69%) and outgassing (30%). 

The outgassing per mirror surface of the river of 108 ± 31 mol C m
-2

 yr
-1

 is in  the range of 

estimates reported in other studies (ranging from 5.8 to 334 mol C m
-2

 yr
-1

  (Li et al., 2013 and 

references herein, e.g. Butman and Raymond, 2011). Concerning OC, 65% of OC supplied to 

the river (including both particulate and dissolved forms) were exported to the estuary. 

Proportionally, instream processes were more important in the OC budget (8% - net primary 
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production and nitrification) than in the IC budget (less than 2% - net primary production, 

denitrification, heterotrophic respiration). 

Towards the land-to sea continuum  

The coupling of the riverine pyNuts-Riverstrahler with the estuarine C-GEM biogeochemical 

models for the first time allowed simulation of pCO2 and CO2 evasion from headwaters to 

mouth of the estuary of an entire hydrosystem. In the Seine, coupling the models enabled 

calculation of the outgassing of the estuary at 101 Gg C yr
-1

. While representing 34% of the 

river mirror area of the basin, the estuary contributes ~23% of the degassing of the entire 

hydrosystem. The organic carbon fraction increases up to the SAV WWTP due to 

anthropogenic pressure and then decreases downstream and in the estuary. 

CO2 compared with the two other major GHGs (N2O and CH4) in the Seine Basin 

The estimation of CO2 outgassing from the Seine hydrosystem was compared to that of the 

other GHG emissions (CH4, and N2O). The same behaviors with peaks in concentrations 

downstream from the main WTTP of the basin were observed. In CO2 equivalent, GHG 

emissions from the Seine hydrosystem, estimated at 2276 Gg CO2eq yr
-1

, were dominated by  

95.3% CO2 (with 44% emitted from small Strahler stream orders 1 to 2) while N2O and CH4 

accounted for 4.4% and 0.3%, respectively. Comparatively, emissions from agricultural areas 

amounting to 14,295 Gg CO2eq yr
-1

 represented 23.3% of the total GHG emissions, including 

agricultural and non-agricultural emissions from the basin, and from the Seine hydrosystem. 

These agricultural emissions can be broken down into 51% from CH4, 33% from N2O, and 

16% from CO2. 

Agricultural emissions were taken into account in a historical reconstruction of GHG 

emissions in France since 1850. This study focused on three time periods. The first period 

(1852 to 1955), was characterized by small barely mechanized family mixed crop-livestock 

farming systems, during which GHG emissions for France increased from 30,000 to 50,000 

Gg CO2 eq yr
-1

. The second time period (1955-2000) was characterized by the modernization 

of French agriculture after the World War II concomitantly with the expansion of the global 

food market, and the availability of fossil energy at relatively low cost. The end of this second 

period covers the increase in mechanization, the use of industrial fertilizers and pesticides, 

and imports of animal feed which resulted in GHG emissions reaching 120,000 GgCO2 eq. yr
-

1
. The third period from the early 2000s to 2017, showed stabilization of GHG emissions at 
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114,000 GgCO2 eq. yr
-1

(2010-2014), thanks to the Rio conference (1992) and the following 

protocols (e.g., Kyoto in 1997) that encouraged the replacement of state intensification 

policies by environmental regulations aimed at decreasing GHG emissions to avoid the effects 

of climate change. Then two contrasted agricultural scenarios for the horizon 2040 were 

compared revealing that the present trend of the agro-food system with specialization and 

intensification associated with international trade would increase agricultural emissions by a 

factor of 1.5; whereas a structural change in agro-food system could lead to a 50% reduction 

in agricultural GHG emissions. 

Future works 

This work on the Seine River provided evidence for the need for further measurements at the 

land-water interface, which would help better understand carbon cycling in the land to ocean 

aquatic continuum (LOAC). Indeed, the aerobic degradation of DOC was identified as a 

factor controlling pCO2, and DOC concentrations instream were related to organic carbon 

leaching from soil stocks. Consequently, the link between soil organic carbon content and 

instream DOC could be studied by measuring DOC in drainpipes, characterizing the quality 

of organic carbon, in terms of biodegradability. Simultaneously, measurements in drainpipes 

should enable better characterization of TA and DIC lateral concentrations in subsurface flow, 

which, associated groundwater flow, represent the diffuse sources of inorganic carbon taken 

into account in pyNuts-Riverstrahler model. 

Isotopic measurements δ
13

C-DOC/POC or δ
13

C-DIC analyses would be useful to identify and 

quantify the different sources of pCO2 in the Seine River. For example, the difference in 

isotopic signatures can separate terrestrial DOC derived from DOC originating from in stream 

vegetation (Bade et al., 2007). Regarding DIC, CO2 from soil respiration has the same 

isotopic signature as organic matter,  related to the signature of photosynthesis (C4 or C3 

plants) while HCO3
-
 from weathering of carbonate rocks with soil CO2 has a distinct signature 

(Dubois et al., 2010). 

In addition to the characterization of organic matter and the identification of its origin, other 

field measurements are required to better estimate pCO2 and infer CO2 evasion. Indeed direct 

measurements of gas transfer velocity (k) in small streams and larger rivers in a large basin 

should help determine appropriate k values and make it possible to propose a new formulation 

to help reduce uncertainties in GHG emissions estimates.  
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Beyond the inorganic carbon module of pyNuts-Riverstrahler, phytoplankton modeling 

parameters also need to be reviewed within the range of values reported experimentally to 

better capture the seasonality of algal development.  

Another outcome of this study would be modeling CH4 and N2O, parallel to CO2. While 

formulations of the CH4 and N2O are already included in the modeling approach, their levels 

and variations in the hydrosystem remain to be validated. Whereas validation data are 

available in the river, from headwaters to the estuary, further work is necessary to document 

the constraints, again in terms of point and diffuse sources. Modeling the three GHG 

emissions would then make it possible to simulate different scenarios for example, to explore 

climate change (discharges) impacts or changes in anthropic pressures in the Seine basin 

(improved wastewater treatment versus deterioration due to urban concentration, agricultural 

practices, changes in land use, etc.). Finally, such modeling could help identify and propose 

actions to minimize emissions of these GHG gases, by providing quantitative figures on GHG 

emissions and by highlighting the importance of aquatic systems as an active component of 

the land-to-ocean continuum. 
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Carbon cycling across the human-impacted Seine River basin: 

from the modeling of carbon dioxide outgassing to the assessment of greenhouse gas emissions 

Audrey Marescaux 

Several recent studies have highlighted significant fluxes of carbon dioxide (CO2) from inland waters 

in the global carbon cycling. The first main objective of this thesis was to quantify and understand 

carbon dynamics in the Seine River basin, which is deeply impacted by human activities. For this 

purpose a new inorganic carbon (IC) module was implemented in the biogeochemical Riverstrahler 

model, to simulate spatial and temporal variations in carbon forms in the drainage work. A second 

major objective was to size both aquatic and terrestrial emissions as a part of a joint assessment of 

three main GHGs (CO2, methane –CH4, and nitrous oxide –N2O). 

Field campaigns in rivers draining various land uses in different hydrological seasons, showed a 

supersaturation in CO2 of the Seine hydrosystem leading to CO2.emissions to the atmosphere. The 

main factor controlling the CO2 partial pressure (pCO2) was the concentration of dissolved organic 

carbon (DOC) (R
2
=0.56, n=119, p<0.05), modulated by hydro-climatic conditions and groundwater 

contribution. In small streams, DOC concentrations were dependent on the soil organic carbon stock. 

For the main stem, a long-term analysis (1970-2015) showed that pCO2 tracked urban pollution, 

decreasing from the 2000s after improvement of wastewater treatment. 

The validation of the IC module newly implemented in Riverstrahler showed that IC inputs to the 

Seine River dominated the overall carbon budget (1138 ktC yr
-1

 on average for the period 2010-2013) 

of which less than 2% was produced from biogeochemical processes (27 ktC yr
-1

). In addition, CO2 

outgassing represented 30% of IC outputs while exports to the estuary represented 69% of IC outputs. 

OC inputs were comparatively lower, accounting only for 104 ktC yr
-1

. Analysis of the 

biogeochemical processes of the Seine River showed a negative net ecosystem production (NEP), the 

river being mostly heterotrophic.  

In order to complete the modeling of the fate of carbon in the Seine River, the Riverstrahler model was 

combined with the estuarine C-GEM model, towards an integrated approach to the Land-to-Ocean 

Aquatic continuum. Representing 34% of the river mirror area, the estuary thus contributes ~23% of 

the CO2 emitted from the whole estuary-river aquatic continuum (estimated at 445 kt C for the year 

2010). 

In addition, analyses of available institutional databases and measurements of other GHGs (CH4 and 

N2O) enabled estimation of aquatic emissions at 3.7% of the Seine basin total emissions (2,276 ktCO2 

equivalent yr
-1

), dominated by CO2 (95.3%), while agricultural (14,295 ktCO2 equivalent yr
-1

) and 

urban emissions (44,713 ktCO2 equivalent yr
-1

) accounted for 23.3% and 73.0%, respectively. A 

historical reconstruction of agricultural emissions for the whole of France (1850-2014) estimated that, 

among the 114,000 ktCO2 equivalent yr
-1 

emitted by the agricultural sector, 22% were represented by 

CO2, 49% by CH4 and 29% by N2O. Finally, two contrasting scenarios were explored (horizon 2040). 

The first, characterized by the current trend towards specialization and intensification, predicted an 

almost 1.5-fold increase in agricultural emissions. While the second, characterized by a transition to 

organic agriculture and dietary change, would reduce current emissions by about 50%.  

Keywords: Carbon cycling, CO2, GHG emissions, aquatic ecosystem modeling, Seine River basin. 


